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INTRODUCTION: LONG RANGE OBJECTIVES 

The length of manned space flight, cur ren t ly ,  is l imited by the 

sustained effects of weight lessness  on the skeleton. 

and cosmonauts,  thus far, indicate progress ive  lo s s  of skeletal  mass i n  

space,  despite a var ie ty  of countermeasures .  

i n  excess  of four  months,  o r  prolonged miss ions ,  such a s  exploration 

of Mars ,  are to be undertaken, new methods are required to  maintain bone 

m a s s  i n  the face of longterm 0-G environment. 

per iod it was establ ished that  low intensity, t ime -varying electromagnet ic  

fields with highly specific pulse cha rac t e r i s t i c s  can prevent localized 

disuse osteoporosis  i n  the ra t .  

point to the likelihood that this methodology can be adapted, pract ical ly ,  

f o r  the manned space program and will  prove to be a n  effective m e a n s  of 

combatting the bone l o s s  normally resul t ing f r o m  weightlessness.  

Studies of as t ronauts  

If manned orb i ta l  flight, 

During this  cont rac t  

All  indications, a t  the present  time, 

The importance of the p rogram for  the national effort  in space,  however, 

is matched fully by a probable "spin'off ' '  f o r  a national health c a r e  problem 

of ma jo r  medica l  and economic significance,  namely, post-menopausal and 

seni le  osteoporosis.  

5 ,000 ,  000 females  above the age of 65 y e a r s  in  the United States  alone. 

Therapeutic m e a s u r e s  a imed at a r r e s t i n g  o r  improving osteoporosis  have 

centered,  mainly,  on nutritional and hormonal fac tors ,  while equally 

important  e lectromechanical  fac tors  have been largely ignored. It s e e m s  

quite c l ea r ,  even at this  ea r ly  s tage that improvements  and adaptations of 

technology, ult imately,  may  provide an  effective therapy for  this condition. 

These two (o r  one) d i so rde r s  affect a t  l ea s t  
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FIGURES, CHARTS AND TABLES 

FIGURE I R Photograph of "combined approach" r a t  model f o r  
producing disuse osteoporosis .  

FIGURE I1 R Drawing of d i suse  os teoporos is  rat model with 
ta i l  pins: Final  ve r s ion  of "combined approach" model. 

FIGURE 111 R Photograph of Group I1 and Group 111 Rats  in  exper i -  
menta l  setting. 

FIGURE IV R Photograph of coil  set-up fo r  Group I11 Rats  

FIGURE V R Diagram of mounting fo r  proximal  t ibial  specimens 
f r o m  rats in the MTS machine during mechanical  
te  sting. 

FIGURE V I R  

FIGURE VI1 R 

CHART I R  

CHART I I R  

TABLE I R  

TABLE I I R  

FIGURE I M 

Diagram of cancellous bone, proximal  r a t  tibia, 
during mechanical testing. 

Load vs.  deformation t r a c e  f r o m  MTS fo r  t h ree  typical 
tibiae. (1) (Top)  Group I S t ra in  B Rat ( 2 )  (Center )  
Group I1 Strain B Rat  and ( 3 )  (Bottom) 
Rat. (Sacrifice at 28 days after expt. conditions imposed.)  

Group I11 St ra in  B 

P e a k  t rabecular  loads e - t SD) fo r  S t ra in  B Rats: 
MTS Data fo r  Group I, Group 11, Group I1 with legs  
uncasted and r a t s  at the 260 gm. s ta r t ing  weight. 

P e a k  t rabecular  loads (Z t SD) for  S t ra in  A Rats: I 
MTS Data fo r  Group I, Group I1 and Group I11 
[Single P u l s e  and P u l s e  B u r s t  exposed). 
"S" and "P" Ser ies .  

Resul ts  f r o m  

P e a k  t rabecular  loads ( Z  t SD) for  S t ra in  A Rats: 
MTS Data f o r  Group I, Group I1 and Group 111 
(Single P u l s e  Exposed). "P" S e r i e s  (no hind limb casts). 

P e a k  t rabecular  loads (Z t SD) for  S t ra in  B Rats: 
MTS Data fo r  Group I, Group I1 and Group 111 
(Single P u l s e  and Pulse B u r s t  Exposed).  " Z "  Ser ies .  

Diagrammatic representa t ion  of 4 l eve l  mouse m a n o r  
used  f o r  Swiss Webster  Mice exposed to  P E M F  (Single 
Pu l se )  

Generic  Single Repetitive P u l s e  Charac te r i s t ics  
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Figures ,  Cha r t s  and Tables ,  continued 
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FIGURE I1 M Diagrammatic  representat ion of 6-level mouse manor  
used  for Swiss Webster Mice exposed to  P E M F  
Bur  st). 

Generic  Repetitive Pulse  B u r s t  Charac te r i s t ics .  

(Pu l se  

CHART I M  

CHART I I M  

CHART I11 M 

CX4RT IV M 

CHART V M  

TABLE I M  

TABLE I I M  

TABLE 111 M 

I FIGURE I Rb 

TABLE I R b  

Ash weight/body weight yo, Sacrifice weight (gm.  ) at 
day 40 for  successive generat ions of Swiss  Webster  
Mice: 
Exposed Group 111 of mouse manor  study. 

Control Groups I and I1 and Single Pulse 

Growth Curves (weight vs. age)  f o r  Control Groups I and I1 
(for  single pulse exposed mouse manor  study). 

Growth Curves fo r  Group I11 (Generations $ and F 
Single Pulse  Exposed 4-level mouse manor .  

2 

Growth Curves for  Control Groups I and 11 
(for  pulse b u r s t  exposed mouse manor  study). 

1 Growth Curves for  Group I11 (Generation F ) 
Pul se  Burst  Exposed 6-level mouse manor.  

Ash weight/body weight 70 (X - t SD) in 3 Ser i e s  of 
Swiss Webster  Mice: (Controls) Single P u l s e  Exposed, 
Pu l se  Burst  Exposed, and Alternating Pulse Burs t /  
Single Pulse  Exposed. 

Litter size data  (X - t SD) fo r  success ive  generations of 
Swiss Webster Mice in  Single P u l s e  Exposed mouse 
manor study: Group I, Group I1 and Group 111. Li t te r  
s ize  at day 1 and a t  sacr i f ice  (day 40-60) 

Comparison of sacrifice weight, a s h  weight, and 
rat io  of ash  to  body weight of F generat ion mice: 
Control Group I and 11, and Group 111 (Pulse Burs t  
Exposed mouse manor  study). 

1 

Drawing of operat ive procedure fo r  rabbi t  disuse 
osteoporosis model. 

Rabbit Os Calc i  mechanical  test resu l t s .  
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RAT MODEL STUDIES 

OBJECTIVE: Conduct P i lo t  Studies to Develop a Rat  Model Producing: 

- sufficient degree  of osteoporosis  

- i n  a short  enough in te rva l  (trying to es tab l i sh  a 
28-day model) 

- with sufficient reproducibil i ty 

This model  was designed to be used  to study possible e lec t ro-  
magnetic modification of disuse osteoporosis  

APPROACH to 
EVOLUTION O F  THE MODEL 

A. Survey of the l i t e ra ture  

B. 4 models  were  chosen, initially, f o r  study: (By May, 1976 these pilot 
studies had been  completed) 

1. 
os calci. 

Section of the tendo Achillis to produce disuse osteoporosis  in the 

2. Section of the sciat ic  nerve fo r  the s a m e  purpose. 

3 .  
of the v e r t e b r a l  bodies of t h a t  s t ructure .  

Section of tendons and nerves of the r a t  t a i l  to produce osteoporosis  

4. 
l imb skinned and in se r t ed  into pocket). 

Subcutaneous pocket in the flank of the rat for  one hind l imb (one 

E X P T .  F o r  each  pilot study above a group of 10-20 rats (Strain B as 
descr ibed  l a t e r )  were  used. 
postoperatively. Resul ts  were evaluated using the following techniques: 
radiographic,  histologic and mechanical testing (compression testing of 
whole bone using the Instron) .  

Sacrifice was s e t  fo r  30,45 and 60 days 

RESULTS: None of the 4 models,  i n  ou r  hands, m e t  the model  c r i t e r i a  
suff i c i e  ntly : 

Pi lo t  Model #1 gave only a sma l l  ‘$0 change f r o m  
control values. 

Pi lot  Model #2  
resul ts ,  although the rate of bone loss  did not 

seemed to produce m o r e  uniform 
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permi t  u s  the latitude we had hoped f o r  i n  
perfecting a 28-day model. 

P i lo t  model # 3  demonstrated var iable  amounts of 
returning function during the study periods.  
Osteoporosis of ve r t eb ra l  bodies i n  these  animals  
is  smal l  i n  amount and unpredictable in its 
occurrence.  On these bases ,  we have d iscarded  
this  approach. 

P i lo t  Model #4 was able to produce only minor  
loss .  In addition, this model  produces only one 
extremity fo r  analyses.  

It was  evident f r o m  pilot s tudies  conducted that 
c a s t s  applied solely to the hind limbs were  not 
practical .  

C. Development of body spica c a s t  immobilization to enhance results of 
pilot models. 

A v is i t  to Dr. E m i l y  Holton at NASA-Ames (Apr i l  '76) and 
observing he r  method of hind l imb suspension to produce bone 
lo s s  gave the idea  that p l a s t e r  may  be substi tuted for  this  
purpose.  

EXPT. To study the tolerance of ma tu re  rats to  total  body spica 
i m o b i l i z a t i o n  (May - June ' 76 ) :  25 rats. 

RESULTS: It was  found that it could be made prac t ica l  and would 
r e su l t  i n  significant and reproducible bone lo s s  in  femurs ,  t ibiae 
and o s  ca lc i  within 45 days. 

D. The "Combined Effects'' Model was first studied in  June '76. 

EXPT. The f inal  model: combined effects of sc ia t ic  nerve 
section, removal  of the gastrocnemius,  soleus and tendo Achillis 
- and application of a total  body spica. 
between June and October '76. 

More than 60 rats surveyed 

RESULTS: 
in the os  calci and in  the proximal  and d is ta l  tibiae within 28  days 
a f te r  operation: rapid and profound, localized hind limb osteopor- 
osis .  (SEE Figure 1 R) 

This model produced significant degree  of bone lo s s  
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E. Casting problems with r a t  total  spica 

- Casting p r e s s u r e  problems:  i n  the first pilot s tudies  using 
the coi ls  in during the s u m m e r  of I76 it was noted that the rats 
suffered f r o m  skin infection of the lower ex t remi t ies  (in 8 of the 
10 an imals ) .  
problem was emphasized. 

Perfect ing of casting techniques to avoid this 

- In one s e r i e s  of experiments  ("P" Ser i e s )  the hind l imbs  of 
the an imals  a r e  left uncasted. 
t o  cut down on per iost i t is  and mortal i ty  problems. 

This approach is considered 

- Since it was  noted that d i suse  robbed the animals of body 
weight, two t ranslucent  Ki rschner  w i r e s  were placed through 
two proximal  t a i l  ver tebra l  bodies to prevent  the r a t  s f r o m  
wiggling f r e e  f r o m  the spica. 

OB JE C TIVE : To de termine  the effectiveness of pulsing electromagnet ic  
fields (PEMF) ,  produced by the single repeti t ive pulse 
o r  the repetitive pulse  burst signal, i n  preventing bone lo s s  
assoc ia ted  with disuse in the "combined approach" rat 
osteoporosis  mode 1. 

EXPERIMENTAL 
DESIGN 

all groups fed 
ad l ibitum and 
sac r if ice  d afte r 

28 days 

Standard Labora tory  Cage Controls: Unoperated/ 
Uncasted. (This  group couldn't be operated on be-  
cause this  has proven unpract ical  due to  the ani-  
ma l ' s  ulcerat ion and chewing of insensate  feet. ) 
Dimensions of the cages:  23  c m  x 45 cm. 

Operated and Casted Controls (without coi ls)  

Experimental  Group: Operated,  casted and 
exposed to pulsing electromagnet ic  fields (employ- 
ing two ma in  pulse patterns:  e i ther  single pulse 
o r  pulse burst) .  
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E XPERIMENTAL 
ANIMALS 

Sprague Dawley Rats  , adult, female ,  non-breeding 
2 6 0 t  10 g r a m  were  used  in  these  studies. - 

Two s t r a i n s  of these animals  were  employed during this  
contract  period. 

1. 
ment. 
weight gain of 1-2 grams/week.  
these rats were r e f e r r e d  to as inbred ra t s .  ) 

Stra in  A Rats  were  r a i sed  in  a pathogen f r e e  environ- 
These an imals  a r e  charac te r ized  by  a normal  

(In earlier r epor t s  

2. Strain B R a t s  were  r a i sed  in  a normal  environment 
and gained as much  as 8 - 10 grams/week.  
a r e  b red  at Royal Har t  Breede r s .  
these rats were r e f e r r e d  to as non-inbreds.)  

These an imals  
(In e a r l i e r  r epor t s  

Both S t ra ins  of r a t s  were  supplied to these  labora tor ies  
by C a m  Labs. 

These studies s t a r t ed  with S t ra in  B Rats  and switched to 
S t ra in  A Rats i n  January '78 to minimize var iabi l i ty  i n  
weight gain in  the animals.  

Group I1 and Group I11 Rat Model: 
osteoporosis  model  i n  the rat. 

F ina l  "combined approach" disuse 

- As descr ibed in the previous sect ion of this  report ,  
the rats in  these two groups had both hind l imbs  immobilized i n  
a p l a s t e r  spica,  f r o m  upper thorax to the toes. (In the crPl' Ser i e s  
the hind l imbs  were  uncasted. ) 
two t ranscutaneous Kirschner  wi re s  piercing two proximal  tail 
ve r t eb ra l  bodies. These pins were,  in  turn,  placed i n  two adjustable 
"C" shaped plast ic  yokes which were  coupled to a lucite b a r  extending 
caudally along the dorsum of the cast .  
to the vent ra l  surface permitted the an imal  t o  be "suspended" in  
space and f r eed  the forequar te rs  for  feeding. (SEE F igure  LI R)  

The animals  were  fu r the r  fixed by 

A plaster pedestal  attached 

- The operative procedure: the b i la te ra l  removal  of the 
gastroenemius and soleus musc le s ,  together with the tendo Achilles, 
and a neurectomy of the pos te r ior  t ibial  and peroneal  nerves  at the 
level  of the popiteal  space. Following skin c losure  the animals  were  
casted a s  noted above. 

See F igure  111 R. 
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Experimental  GrouD III ; After  operating and casting the 
experimental  group was exposed fo r  24 hours p e r  day to  
pulsing fields generated by Hehho l t z -a id ing  coi ls  which 
flanked both lower ex t r emi t i e s  so they were  within the coil  
por t s  o r  "windows". 
used. ) See F i g u r e  4R- 

(In later studies l a r g e r  coi ls  were  

Two m a i n  types of highly specific electromagnetic pulses* 
were  employed i n  t hese  s tudies  (and a l so  those with mice  
and rabbits):  

1. Single, quasi-rectangular  pulse ,  lasting 300 y s e c ,  repea t -  
ing a t  70 Hz, and inducing 1 - 1.5 m v / c m  of bone. 

Original c r i t e r i a  fo r  chosing this pulse pattern: Pu l ses  
with these cha rac t e r i s t i c s  had been shown to affect  bone 
r epa i r  i n  animals and humans and to cause significant amts. 
of calcium re lease  by ce l l s  and 7-day old chick embryonic  
l imb rudiments in  culture.  
c hara  c te  r is tic s have no known de le te  r i ous effects . 

Exposure to pulses of these 

2. 
quasi-rectangular pulses ,  lasting 200 Asec, repeating at 
5 - 15 Hz, and inducing 1 - 1.5 m v / c m  bone, a s  above. 
are designed to  group a series of e 2 0 ,  ZOOpsec wide pulses  
l e s s  than 5 0 ~ s e c  apa r t ,  i n  a b u r s t  l a s t i n g  5 m s e c  and r ecu r r ing  
at a repeti t ion rate of 5 to 15 Hz. (This  pulse pat tern is r e f e r r e d  
to as the pulse t ra in  o r  repeti t ive pulse bu r s t  in this discussion. ) 

The second pulse pa t te rn  i s  character ized by a "train" of 

These 

Original  c r i t e r i a  f o r  chosing this pulse parameter :  As a 
re su l t  of p rograms  in  pseudar throses  in humans, it 
became evident in  mid-1976 that m o r e  rapid healing 
occurred  i f  a "pulse t ra in"  was  used, r a the r  than a single 
pulse. In other phases  of the labora tor ies '  p rog rams  this 
pulse pattern was  shown to cause increased  protein syn- 
thes i s  i n  vitro and not to affect calcium re l ease  in culture.  
Exposure to pulses  of these charac te r i s t ics  have no known 
deleter ious effects. 

E le  ctromagnetic equipment monitoring : 

The equipment is calibrated before it leaves  Electro-Biology Inc. and 

:k These s tudies  were  accomplished with P E M F  c i rcu i t ry  and coils leased  
f r o m  Electro-Biology Inc. (W. Caldwell, New Jersey) .  No modification of 
equipment o r  waveform charac te r i s t ics  were  required o r  engendered by 
th i s  program.  
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a r r i v e s  a t  these labora tor ies  with signal specification sheets .  
specifications a r e  checked before s tar t ing the e x p e r i m n t  and at periodic 
intervals.  
to induced voltage levels  i n  t issue.  

These 

This is done by m e a n s  of a n  induction coi l  probe cal ibrated 

In addition, the unit's in te rna l  c i rcu i t ry  allows - t 5% variat ion in  pulse 
amplitude, width and r e p  r a t e  before a n  a l a r m  is activated. 

The f i r s t  coils del ivered were  of the single pulse type. 
By October '76 it was  decided that half the coi ls  be of the pulse t r a i n  
variety.  

METHODS O F  ANALYSIS O F  EXPERIMENTAL RESULTS: 

As noted above, Group ILI was  exposed to P E M F  continuously, employing 
one of two pulse p a r a m e t e r s  and the r e su l t s  of these  groups were  compared  
with those of Control  Gmups I and I1 i n  the following a r e a s  (post  sacr i f ice  
at 2 8  days): Radiographic 

His tolog ic 
Me c ha n i c a1 

X-Rays: Of bones f r o m  all three groups were  obtained on a single indus t r ia l  
grade f i l m  f o r  rough, visual  quantification of bone density. 

Histolopic Analysis : In studies conducted in  la te  '76 one rat tibia and 
o s  calcis were  decalcified; se r ia l ly  sectioned i n  a longitudinal manner ,  and 
stained by hematoxylin and eosin. 
sections,  comparable  mid-sections of each sample bone are available f o r  
histologic analysis  of in te rna l  and external  archi tecture .  

By keeping accura te  count of the 

Mechanical Tes t ing  
analysis  method. 
aligned during mounting. 
sacr i f ice  i n  these ini t ia l  studies. 

The opposite tibiae and o s  calci  are used  for  this  
C a r e  is exerc ised  to  keep the bones m o i s t  and properly 

All  t es t s  were  completed within six hours after 

Our three  methods of analysis  provided a cross -check  s y s t e m  i n  evaluating 
the resu l t s  of these studies. 
f i r s t  third of 1977 we were  actively concerned with making ce r t a in  that 
whatever the experimental  resu l t s - -our  mechanical  s y s t e m  of analysis  gave 
r e su l t s  that  "jived" with those observed i n  ou r  o ther  two methods of analysis--  
r e su l t s  that  m e a s u r e d  a c l ea r  phenomena in as sensit ive and reproducible a 
way a s  possible. 

During the period f r o m  late 1976 through the 

Our  first stage of mechanical  testing was conducted on the Ins t ron  in  the 
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Engineering School Laborator ies  at the downtown campus. 

A preload of 2 - 5  pounds and a crosshead  speed of 20 in. /min. was  
used in  a l l  studies. 
probably w mld  yield more  reproducible fa i lure  data,  par t icu lar ly  
in  bones with a la rge  amount of t rabecular  o r  porotic mater ia l .  
it was planned i n  late '76 to shift testing of this type f r o m  the 
Instron (with i t s  slow rate  of loading) to  a n  MTS unit, which is 
capable of a much m o r e  rapid loading rate .  

It was recognized that a m o r e  rapid rate of loading 

Thus, 

Os ca lc i  were  mounted f o r  3-point bending fai lure  and the proximal  
and d i s t a l  t ibial  shafts were  mounted fo r  axial  compress ion  failure.  

All  pos t - f rac ture  f ragments  were  collected for  dry,  defatted, weight 
and a s h  weight determinations.  

Beginning i n  January of 1977 the mechanical  testing was conducted on an 
M. T.S. (Mater ia l s  Tes t  System), Series 810 which was installed in these  
labora tor ies  at that t ime. 
dictated that  we discontinue the use of the Instron. 
the e a r l i e r  data  had been superceded; r a t h e r  they have been embellished 
by increasing precision. 
studies fo r  the r easons  mentioned above and to a s s i s t  in exploring a new 
mechanical  tes t ing method to  c lear  up the di lemma noted in late '76: 

The versa t i l i ty  and proximity of this  s y s t e m  
This did not mean that  

The sys t em was  deemed necessary  fo r  these 

The osteoporosis  model  was continuing to give both histologic 
radiographic evidence of a profound loss  of cancellous bone in the 
t ibial  metaphysis.  
ence between Group I and Group I1 animals;  it was difficult to 
explain the small (up to  two fold) differences seen  in  compression 
and 3-point bending, breaking strengths.  It seemed possible,  t he re -  
fore,that the cancellous loss was being "covered up" by less of a 
change in  cortical bone. 

and 

There appeared to  be at l ea s t  a five fold differ-  

As the above suggested that the spongy bone values were  being "lost" 
in the m o r e  "rigid" cor t ica l  m a t e r i a l  encompassing it, this  lab devised 
testing methods to a s s e s s  only cancellous o r  cor t ica l  bone and by 
as e a r l y  as Apr i l  of '77 they had produced r a the r  impress ive  results. 

' 
The new method of tes t ing cancellous bone in the proximal  rat t ibial  
metaphysis was essentially the following: Resecting a fixed distance 
of the proximal  tibia (0.4" in  length), including p a r t  of the diaphysis. 
The specimen i s  mounted in  a special  holder by "cementing" the a r t i c -  
u la r  sur face  of the tibia 
dental  acryl ic .  
plunger ( - 0  6 d iameter ,  0.4" long) - mounted on the load ce l l  head (100 lb. ) 

(the knee joint su r f ace )  with fas t -cure  
This presents  the open medullary canal  to a c i r cu la r  
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I of the M. T.S. The plunger diamete is calculated to  

~~ ~- 

8 R  

l e a r  the 
inner cor t ica l  wal ls  and is advanced toward the epiphysis through 
metaphyseal bone for  a standard distance 
(A distance of 0.25"; at a r a t e  of 0. 625 in. /min. ) 

V R and V I  R. Load vs. deformation t ime is recorded. The trace 
provided by  this  t e s t  demonst ra tes  f r ac tu re  of m a j o r  t rabeculae and 
a gradually increas ing  load a s  the m a s s  of broken t rabeculae a t  the 
tip a r e  compacted against the epiphysis. 

at a fixed speed. 
SEE F igures  

(SEE Figure  VI1 R. ) 

One of the additional benefits of the cancellous t e s t  is a near ly  
intact  specimen,  which a f te r  tes t ,  is processed  for  histology. The 
longitudinal sections,  through the c e n t e r  of the plunger t rack ,  provide 
a magnificent view of what was  tes ted  and the s ize  of "bolus" of 
f rac tured  t rabeculae,  compressed at the t ip  of the plunger. The 
correlat ion between the mechanical test and the microscopic  picture  
was impress ive .  

The cor t ica l  test employs a column of t ibial  diaphyseal bone which is 
"crushed" by a plunger of l a r g e r  0. D. than the d iameter  of the t ibial  
shaft. 

I n  January of 1978 these labs began to examine a modification of the 
mechanical  testing method fo r  the t ibial  specimens,  i n  o r d e r  to 
study t h e  effect  of the epiphysis and ossification center  on the  t e s t  values. 
The usual  test (described above) employs a 0.4" specimen with a 0.25" 
s t roke to the plunger. 
the prec is ion  of these figures and the amount of res idual  metaphyseal  
bone. It, a lso,  m a y  ref lect  the st iffness of the epiphysis and ossif ica-  
tion center ,  which resist the bollus of f rac tured  t rabeculae being 
pushed ahead of the plunger. A study of a "push through' '  sy s t em 
was s t a r t ed  which allowed t h e  plunger to t r a v e r s e  the metaphysis ,  
epiphysis and ossification center  together with the a r t icu lar  car t i lage.  
The mounting technique had been modified to provide a hole both i n  
the  dental  acry l ic  and the specimen jig. 
planned to compare  energy under selected and matched portions of 
the s t roke dis tance/ load curves.  
i n  specimen length could be eliminated with this approach, thereby  
increasing accuracy.  
misplaced and the final testing method duplicated the or iginal  M. T.S. 
protocol descr ibed  above. 

The load developed in this  s y s t e m  is a function of 

With this sys tem,  it was  

It was hoped that minor  var ia t ions 

The hope held f o r  the "push through" t e s t  was 

It is of note that  previous studies repor ted  in  the l i t e r a tu re  of disuse 
osteoporosis  i n  the rat employed a s h  weights and breaking s t rengths  
of whole bones as the major  techniques to a s say  r e su l t s  and t rabecular  
bone, the m o s t  "metabolically active' '  component, was not studied a s  



, 

RAT MODEL STUDIES 9 R  

a n  independent factor.  

RESULTS O F  RAT MODEL EXPERIMENTS 

Late 

'76 

Expt. : Pi lo t  S t ra in  B Rats  tes ted with single pulse "0" shaped coils. 
Summer  Instron testing system. 

Results:  8 animals  eliminated because of casting p r e s s u r e  problems 
(as discussed under  development of r a t  model) 

2 remaining Group 111 animals  evaluated a s  follows: 

OS Calcis Frac ture :  54 lbs. 
60 ' I  

2 Group LI Controls 

O s  Calcicis F rac tu re :  19 lbs. 
32 lbs. 

-Note modification of bone loss  in this  ea r ly  study. Coils 
reducing to a remarkable  degree  the lo s s  of bone induced by the 
" c omb ine d app r oac h" met hod. 

Late 
'76 Expt. F i r s t  30 r a t s  subjected to the full protocol since August. 

Group I11 single pulse exposure,  plus one pulse t r a in  exposed rat. 

Results:  
Group I Cage Controls 

Instron Analysis 

Os Calcis F rac tu re :  57 lbs.  mean  6 animals  
42 - 85 lbs.  range (12 spec imens)  

Note: 
testing perfected-  - resu l t s  obtained when 
machine still being standardized. 
probably will  be eliminated. 

a m e a n  of 65-75 expected when mechanical  

Low figure 9 

Group I1 Controls (Op/Casted)  

0 s  C,lcls Frl-ctnre: 1 2  Ibs. m-ezn 3 animals  
19 - 4 3  lbs. range (6 specimens)  
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Note: a m e a n  of 35-40 lbs. expected. Low 
values re la ted  to inadequate mounting. 

Group 111 animals  

Os Calcis F rac tu re :  59 lbs. mean  4 animals  
52 - 64 lbs. range (8 specimens) - 

Pul se  Train Exposed - - - - - - _ _  --- 
Os Calcis F rac tu re :  85 lbs. (left) 1 animal  

96 lbs.  ( r ight)  (2  specimen) 

- Mechanical testing and  x - r ay  analysis  have demonstrated th t this  
model  produces a profound loss  of bone i n  28 days in the os calcis  
and the tibia. 

Though the numbers  a r e  smal l ,  the t ightness of the dats  suggests  
strongly that  the breaking s t rengths  can be reduced by approximately 
1/2 in 28 days i n  untreated animals.  
that  the breaking strength can  be maintained in  the normal  range 
o r ,  i f  one an imal  is a harb ingeqi t  might be possible to inc rease  
breaking s t rength above normal. See resu l t s  below. (This  tendency 
was  not confirmed i n  la ter  s tudies  using the pulse train.  ) 

On the other hand, it appears  

Dec. 
'76 

G r  oup I11 

Pu l se  Train Exposed 

Os  Calcis F r a c t u r e  9b-155 lbs. range 7 animals  

-------- --- 

(14 specimen) 

M. T. S .  (Mater ia ls  Tes t  System) was instal led i n  the laborator ies .  
New mechanica l  testing methods were  devised, as pe r  e a r l i e r  discus-  
sion, to  test cancellous bone in this rat model: J a n  - Apr. '77. 
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Note: Amplitude of induced voltage requi red  to produce a therapeut ic  
effect  r ema ins  cr i t ical ly  narrow. 

- 
been seen  that f ields inducing 1.5 m v / c m  of bone prevent  a loss of 

not. 

F r o m  both the cancellous a n d  co r t i ca l  bone specimens analyzed it has 

mechanical  strength,  while fields which go above o r  below this  level  do 

- These findings a r e  i n  complete agreement  with other  s tudies  of f r ac tu re  
healing models,  bone g ra f t  models  and t r ea tmen t  p rograms  of patients with 
pseudar throses  and non-unions. 
voltage between 1.2 - 1.6 m v / c m  for  bone. 

All  of these  sources  dictate an induced 

P r o g r e s s  Notes: 
cont rac t  to block completely disuse bone loss .  
date : 

Pulsing electromagnetic fields have been shown by this  
Summary  of findings to  

Group I1 animals  - l o s s  of spongy metaphyseal  bone f r o m  the proximal  
t ibia resu l t s  a f te r  28 days i n  a 90% reduction of ul- 
timate breaking s t rength and 

- 99. 57’0 reduction in  energy absorbed during f r ac tu re  
i n  this region. 

- Breaking s t rength  of cor t ica l  diaphyseal bone in 
t h e  t ib ia  is reduced 4070 below norma l  litter m a t e s  
(Group I). 

Group 111 animals  -Exposure to  the single pulse la rge ly  prevents  this 
bone loss  experienced by Group I1 animals  

- Pulse  t r a i n  data f r o m  t h e  end of ‘76 seem to  indicate 
that pulse t r a i n  exposure will  double the breaking 
strength of both cancellous and cor t ica l  bone i n  
Group I11 animals  vs. Group I animals.  

Equipment modification: New la rge r  coils to facil i tate an imal  placement  
and to a s s u r e  uni form field densities a c r o s s  the whole body (via s t r i c t  

a Helmholtz-aiding sys t em)  
- In  these coi ls  it was not e s sen t i a l  to keep the 

cas ted  l imbs in  a n  anatomical position, insofar  a s  abduction o r  adduction 
w a s  concerned. 

- F i r s t  Rat  Ser ies :  Allowed to  assume, randomly, 
u =-y -* re=sc!n=hle degree nf ahdiiction at the h ips .  
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- F i r s t  Rat  S e r i e s  Results:  some animals  
failed to  demonstrate  (when exposed to  effective f ie lds)  a protective 
effect (i. e . ,  los t  bone to untreated Group I1 levels) ,  while the opposite 
l imb demonstrated full to  near full protection. 

- These r e su l t s  led to the following: 

P i lo t  Studies: Varying degree of abduction of r a t  hind limbs t rea ted  
with coils to investigate the possibility that  field vector  l ines ,  vis  a' vis 
the long axis of the bone being t rea ted ,  m a y  play a role i n  resu l t s :  

Expt. animals:  S t r a i n  B rats o rde red  a s  non-breeder,  but some 
a r r i v e d  pregnant. 
was  a combined effect of disuse and metabolic osteoporosis  i n  
some animals .  

The supplier had problems and thus there  

Abduction/Adduction of Hind Limbs : All of the t r ea t ed  tibiae 
i n  the following l i s t s  w e r e  cas ted  a t  23O - t 5' of adduction. 
Except: 3 ex t remi t ies  placed a t  45"and 90" of abduction 

produced peak loads of 0.  5, 1.1 and 0 . 8  lbs. 

4 ex t remi t ies  placed a t  Oo (abd/adduction) gave 
peak loads of 1.3, 1. 0, 0. 25 and 2. 0 lbs.  

Analysis: 
pa t te rns  a r e  seen  i n  t h e  above resu l t s .  

Some definite t rends i n  the vector  

Reported resul ts :  peak loads in  lbs. a t  the ex t reme of the 
plunger excur s  

Group I Cage Controls 
14. 3 
2.4 10.5 
8. 2::: 
6. 2::: 16.2 

18.24 19.0 
19. 0 16. 5 
22.0 1 5 . 4  
13. 8 20.0 
18. 5 5. 7 ::: 
7. 3:: 11.0 
9. 5 7 . 0 :I: 

7.0*  10.8 
14.1 
i n  C. 

5 . 9 ::: 

I V .  w 

ion i n  the cancellous bone 

Group I1 Controls 
4.4# 
0. 25 
0.25 
3 . 7 #  
2.0  
1. 3 
1.1 
1. 8 
1. 2 
2.9 
1. 7 
2.2 
1. 0 

0.5 
2 QIC 
4 .  " I ,  

of the proximal  tibiae. 

Group I11 
(M. T.S.  ) 

Sinele Pu l se  ExDosed 

8. 7 
13.4 
9 . 4  

15. 3 
11. 6 
5.2::: 
4. 1::: 
6. 6:: 
5.4** 
4. 0 ::: $6 

4 . 6 ::: 
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Symbols: 4 Breeder ,  recently pregnant o r  pregnant  
44 X-ray showed large bone mass ,  but mechanical  t e s t  fa i lure  
# Inadequate c a s t  immobilization 

Note: 
problem that the fields continued to demonstrate  t he i r  protective 
effect, par t icular ly  with standardization of the appropriate  field 
vector. 

F r o m  this  data it appears  that  despite the unplanned pregnancy 

Fall  
'77 Experiments:  To demonstrate  the development of an improved model  

f o r  producing rapid d isuse  osteoporosis i n  the rat tibia, employing 
the M. T. S. S t r a in  B rats 

Results:  SEE Char t  I R. 

The m a j o r  portion of t rabecular  bone i n  the proximal  t ibial  
metaphysis  is los t  within 2 8  days in  the experimental  groups (columns B 
and C)  with this  model: 

- Group I Cage Controls (Free Roaming) produced peak loads 

- Group I1 animals, which had been operated and fully casted,  
(at a maximum plunger excursion) of 14.7 - t 3.8 lbs. 

produced peak loads of 1.8 - + 1.3 lbs. 

These r e su l t s  are significant at P <. 001 and r ep resen t  reduction 
i n  t rabecular  loading capability i n  excess  of 80% in  28 days. 

The mechanical  testing r e su l t s  of control  and experimental  
t ibiae were  compared  with the radiographic and  histologic appearance of 
longitudinal sections,  taken through the center  of the plunger t r a c k  and 
found to exhibit a high degree  of c o r r e  

Compare columns B and C: 
model  incorporating legs  i n  plaster f o r  producing a g r e a t e r  l o s s  of t rabecular  
bone (P<.  05) than the model wi th  the legs f ree .  

note inc reased  efficiency of the 

The last column: a 260 g r a m  r a t  appea r s  to have a lower peak 
Column A, Cage load than a f ree- roaming 300 gram r a t  f r o m  column A. 

Control  rats have a s ta r t ing  weight of 260 t 10 g r a m s  but they tend to gain 
10 grams p e r  week; i. e., at the end of 28 days they weigh i n  the vicinity 
ol' 3 G C  graiiis. 
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Chart  I R, cont. 

Summary: This unique method of mechanically testing 
t rabecular  bone can detect the ex t remely  rapid and profound ef fec t  of 
disuse on cancellous bone. 
demonstrate  that  during this contract  per iod a sensitive model  sys t em 
was developed to enable the survey of pulse effectiveness on the labile 
portion of the osseous sys t em which may  t u r n  over  rapidly and may  
account fo r  the ma jo r  fraction of negative calcium balance. 

The analysis  of data  f r o m  columns A and B 

Expt. : To de termine  the effectiveness of P E M F  produced by the single 
pulse o r  pulse b u r s t  signal in  preventing bone loss  i n  this  rat 
d isuse  osteoporosis  model. S t ra in  A ra t s .  

Results:  SEE Char t  I1 R which r ep resen t s  combined data f r o m  the "S" 
and " P l l  S e r i e s '  Results. 

The r e su l t s  of the Strain A s e r i e s  of animals,  i n  which both 
the single pulse  and pulse burst  were  applied, is presented in  Chart  I1 R. 
A value of 9.8 - + 3 . 2  lbs. was obtained for  the f r ee  roaming controls (Group I) 
a f te r  28  days. 
c lear ly ,  outside the range of the Group I1 controls,  but, again, not quit e 
equal to the max ima l  loads for Group I Cage Controls a f te r  28 days. 

With the single pulse,  the peak load was 8. 3 - + 1.4 lbs. 

The m e a n  value of the single pulse exposed group i s  85% of 
that for  Group I Cage Controls. 
probably can  be ascr ibed  to  the round coi ls--an issue to  be checked by a 
later s e r i e s  of experiments .  

This apparent  loss  of complete effectiveness 

The pulse bu r s t  did not appear  to be a s  effective a de t e r r en t  t o  
skeletal  l o s s  as the single pulse (albeit  fewer animals  in  this group). 

The analysis  of peak load was taken f r o m  a d iscre te  portion of 
the plunger s t roke  curves ,  thus the range of values for  controls  and 
f ree- roaming an imals  a r e  more  closely c lus te red  than previous data (SEE 
(Char t  I R)  fo r  the full stroke would indicate. There is, however, no 
overlap between the Group I1 and Group I values,  with the means  of the la t te r  
double that of the Group 11 animals. 

F o r  both the S t ra in  A r a t s  and St ra in  B r a t s  ( Char t  I R)  the use  
of the single pulse produced mechanical values which approximated normal  
Group I Cage Control values and which were  statist ically above the range of 
the Group I1 Controls. 
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E-t: l S r l  Ser ies .  S t r a in  A Rats. Utilizing "punch out" method of 
mechanical  testing (i. e . ,  a selected portion of the plunger s t roke 
curve  was used  f o r  analysis: between .125" and . 275Il. ) 

Results:  P e a k  load values i n  lbs. (mean - + SD) 

Group I Cage Control  Group I1 Controls Group 111 

10 t 2 . 3  

n = 6  

- 3 . 4  t 1.3 Single Pu l se  Pu l se  T r a i n  - 
Exposed Exposed 

n = 9  
5. 8 t 2.1 - 10 

n = l  n = 5  

Unfortunately, the number of single pulse specimens i n  this s e r i e s  was 
r e s t r i c t ed  because of the prevalence of per ios t i t i s  secondary to cas t  p re s su re .  
P l u s  o r  minus values a r e  not included f o r  this  reason.  

It continues to appear ,  however, that  the model  is effective in producing 
a la rge  dec rease  in  t rabecular  bone and that the electromagnet ic  fields a r e  
able to modify this  loss ,  with the single pulse  being m o r e  effective than 
the pulse train.  
the l f P l l  Series Resul ts .  ) 

(These  results a r e  repor ted  i n  Char t  I1 in combination with 

Expt: 100 Ser ies .  S t r a in  A rats.  Employing c i r cu la r  coils. 

This s e r i e s :  to check the efficacy of co i l  design needed as a 
p re l imina ry  step. to future studies on minimum exposure time. 
previous phases  of this  contract, some differences in  effectiveness of 
a given signal have been detected when var ious  coi l  shapes and orientations 
w e r e  utilized. 

During 

Results:  
had been analyzed and it confirmed a minimal  effect  of these fields,  despite 
effective signal charac te r i s t ics .  

The f inal  mechanical  testing data  f r o m  the r a t  tibiae in round coils 

Notes: 
and  -- in vivo phases  of this labora tory ' s  p r o g r a m s  confirm the relat ive 
ineffectiveness of the round circular  coils on ce l l  function and r e p a i r  pat terns .  
These  fields were  designed to induce therapeut ic  voltages of 1. 0 - 1. 5 m v / c m  
i n  the sys t em under study. 
the  s t ruc tu re  a Helmholtz-aiding s y s t e m  of coi ls  is  used. 
the first coi ls  were  square  o r  rectangular i n  nature. 
uniform field pattern i n  the very center  axis of the coi ls ,  but nonunif ormi ty  
exis ted outside this axis. 
the  nonuniformity. 

U s e  of var ious  coil  shapes.  Other  data  f r o m  the various -- i n  v i t ro  

a 

I n  o r d e r  to a s s u r e  this  level  uniformly a c r o s s  
By serendipidy 

These produced a 

The c i r cu la r  coi ls  were  designed to eliminate 
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Unfortunately, these  c i rcu lar  coils proved to  be less effective f o r  
any given pulse charac te r i s t ic .  
and significantly i n  the 3H Thymidine and 3Uridine incorporat ion pat terns  
i n  chick t ibiae and chondrocytes and i n  the augmentation of healing i n  
r a t  radial  osteotomies:  in  all of these  sys tems,  rectangular  coils appear  
to be m o r e  effective than square and square  m o r e  effective than round. 

This behavior is seen  m o s t  c lear ly  

Expt: ' 'P" Ser ies .  S t ra in  A Rats. Total body sp ica  c a s t  with hind l imbs 
uncasted was  used  f o r  Group I1 and Group III animals .  Single Pulse .  

Results:  SEE Table 1R 

- This s e r i e s  presents  a highly significant set of results in 
which the mechanical  values i n  the 10 Group 111 animals  are  a lmos t  
identical  to Group I Cage Controls. 
body weight l o s s  of Group 111 and Group I1 animals  of 3 5  + 18 g r a m s  and 
a gain for  Group I Cage Controls of 12 - t 4 grams.  Undoubtedly, these 
an imals  had not only disuse,  but s t r e s s  and endogenous s t e ro ids  enhancing 
a catabolic phase. F r o m  previous cha r t s  and tables  it can  be seen  that 
unlike some previous groups t h i s  s e r i e s  of cage control an imals  did not 
achieve peak load values above a mean  of 9. 6 lbs.  (a t  the ex t r eme  of 
plunger excursion).  This lower value probably r e su l t s  f r o m  a different 
b r e e d e r  background of the animals which gained only 2-3 g rams /week  
( to  end a t  sacr i f ice  at 272 grams) ,  while previous groups gained 10-12 
g rams /week  (Strain B)  and ended a t  300 
Cage Controls,  t he re  is a correlat ion between body weight and peak t rabecular  
load, with higher weight animals producing the higher peak load. 

This resu l t  ex is t s  despi te  a mean 

g rams .  Generally i n  Group I 

If the values in  this  cha r t  fo r  the Group I1 animals  a r e  compared  with those 
i n  previous r epor t s ,  it a lso,  will be seen  that a mean  of 4.0 lbs. (peak) 
is  about double, some  of the ea r l i e r  values . Here  i t  should be noted (as 
above) that the an imals  have a slower weight gain and probably, a slower 
rate of bone turnover .  (Also, hind l imbs were  not immobilized.)  

Expt: " Z "  Ser ies .  S t ra in  B.Rats. Total  body sp ica  c a s t  (including hind 
l imbs)  Single Pulse and Pulse  Tra in  exposed Group 111 rats. 

Resul ts :  SEE Table I1 R 
- This study used  the high weight gaining St ra in  B rats. 

The mean peak loads a r e  2 lbs. higher than i n  Table I R (P < .05)  
while the Group 11 Control  mean values a r e  quite low (1. 9 # ) .  
result probably (as noted before) is a reflection of m o r e  complete immobil-  

This l a t t e r  
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ization and a higher rate of bone turnover.  

The pulse b u r s t  was not a t  a l l  effective i n  modifying the disuse 
osteoporosis ,  but the single pulse was. Effect iveness ,  however, Seems 
reduced and re f lec ts  a change in the cha rac t e r i s t i c s  of the pulse (wider 
385 m s e c  and m o r e  rapid,  85 Hz)  over previous studies of this  gener ic  
pat tern of the pulse. 
a t tempts  a t  reducing the t reatment  t ime (i. e . ,  bigger pulse,  bigger  effect 
and l e s s  t ime) .  This reasoning appears to be erroneous.  

These changes were  made in preparat ion to the 

F o r  the future:  narrower and slower pulses  should be examined 
as a m a j o r  s tep  before  fur ther  a t tempts  a r e  made to  shor ten  the t r ea tmen t  
t ime and power requirements .  

In Summary,  the m a j o r  var iables  which affected absolute var ia t ions i n  
r e su l t s  between the different s e r i e s  of experiments  are as follows: 

1. Pulse charac te r i s t ics  
2. Animal  S t ra in  
3.  Irnmobilization technique 
4. Testing method to evaluate r e su l t s  

Though the r e s u l t  values have been variable quantitatively,  qualitatively 
a i l  s e r i e s  produced the same resul ts  and t rends.  

Some fu r the r  specific summary  points: 

1. The lo s s  of t r abecu la r  bone f r o m  the proximal  t ibial  rat metaphysis 
following the "combined approach" r a t  model  development has been docu- 
mented radiographically,  mechanically and histologically. 

2. A new method of mechanical testing has proven to  be a valuable and 
sensit ive adjunct i n  detecting the extent of d i suse  osteoporosis  in  t rabecular  
bone. 

3. 
prevents  d i suse  bone loss  to a significant degree.  

Exposing the "combined approach' '  r a t  model  to P E M F  f o r  28 days 

4 4. Apparently, e l ec t r i ca l  cur ren ts ,  induced exogenously by P E M F  can  
be  substi tuted f o r  endogenous e lec t r ica l  cu r ren t s ,  generated piezoelectr ical-  
ly  by  cyclic mechanical  deformation, to control the ce l l s  which determine 
bone m a s s .  

5; 
application in  controlling bone lo s s  in as t ronauts  and in  patients with local  
o r  general ized regions of bone resorpt ion.  

T h i s  s i l r g i c z l l ; ~  EQeinvasive m e t h n d ,  nlt imately,  m a y  have prac t ica l  











FIGURE V R - 

DIAGRAM OF MOUNTING FOR PROXIMAL TIBIAL 
SPECIMENS FROM RATS IN THE MTS MACHINE 

DURING MECHANICAL TESTING 



FIGURE - VIR Method of mechanical testing of cancellous bone, proximal  
rat tibia. 
(st ippled) to aluminum holder. 
length. M. T. S. (Mechanical Testing System) plunger 
advances into the medullary canal a t  a s tandard r a t e  and 
f o r  a fixed distance, leaving a t r ack  of f rac tured  t rabeculae.  
Load cel l  records forces  a t  plunger t ip a s  i t  f r a c t u r e s  
t rabeculae and compresses  them into a m a s s  jus t  d i s ta l  
to the epiphyseal plate. 

Specimen mounted in dental  acry l ic  bond 
All specimens of s tandard 
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FIGURE VI1 R Load vs. Deformation Trace  f r o m  M. T. S. f o r  th ree  
typical tibiae. (See following page f o r  detai ls .  ) 



Figure  VI1 R Load VS. Deformation Trace  f r o m  M. T.S. fo r  

cont. 
th ree  typical tibiae 

1. (Top) X-Y plot of t ime (x-ordinate) vs. load (y-ordinate) 
fo r  a normal  standard laboratory cage living S t r a in  B Rat  
(Control Group I)--260 g r a m  s ta r t ing  weight. Sacr i f iced 
at 28 days. P e a k  load at the end of plunger excursion: 15. 6 lbs.  

2. (Center)  X-Y plot, as in  above figure but f r o m  a Group I1 
Sacrificed at 28 days post  operating/casting. S t ra in  B Rat. 

Peak  load is 1 lb. - -compare with Group I animal  in  top trace. 

3. (Bottom) X-Y plot f o r  a Group u1 Stra in  B Rat of s tar t ing 
weight 260 grams .  Sacr i f iced at 28  days post operating/ 
cast ing/s tar t ing coil exposure.  
Group I Control (top t race) - -but  the initial slope is less. 

Note peak load equals 



CHARTlR P e a k  Trabecular  Loads (2 t SD) 
for  S t ra in  B Rats:  MTS Data for ContrGl 
Groups I and 11, Group 11 with l egs  uncasted 

PEAK LOAD, PROXIMAL TIBIAL METAPHYSIS 

20  

19 
18 

17 
16 

15 
14 
13 

12 
I I  

IO 

9 

8 
7 
6 
5 

4 

3 
2 
I 

0 

(CANCELLOUS BONE) 

COLUMN 

28 DAY 20 DAY 20 DAY 260 grn 
FREE FULL CAST CASTE0 RAT 

ROAMING AND LEGS FREE 
A a r O A T C n  nnrnnTCn 
V T L I 8 M r  L Y  V r t n W  I LU 

B C A D 



CHPLRT I1 R Peak  Trabecular  Loads (x t SD) 
f o r  S t r a in  A Rats: M. T. S. Data fo r  Control 
Groups I and 11 and Group LZI Single Pulse  and 
Pulse  Burs t  Exposed. 

- 

Effect of Pulsating EMF on Disuse Osteoporosis 

COntfOl F W  Single Pulse 
N=23 Roaming PUIS8 Burst 

N=20 N = l l  N=5 - 
Group I11 

t 
Group I 

t 
Group LI 

COLUMN E F G H 

Combined data from t h e  'IS" and "P'l S e r i e s  



"PI' Ser ies 

P K TR 

HTS 

BECL ..R L 

TABLE I R 

TRAIN A RATS 

DATA FOR CONTROL GROUPS I AND I I  AND 

GROUP I l l  SINGLE PULSE EXPOSED 

Peak Trabecular Load 

( ibs. )  
Experimental Anima 1 s N 

Standard Lab0 r a  t o r y  

Cage L i v i n g  

Group I 

Control  14 9.6 - + 3.6* 

Group I I Operated 6 

Con t ro 1 12 Tota l  Body Spica Cast 
no h ind  l i m b  cas t )  

4.0 - + 2.1 

Operated & 
10 8.1 2 1.7" Casted as Group I I 

Group I I I 

Exposed 

* 
Ind ica tes  s ign i f i cance P <.001 when compared to  Group I I 

Round c o i l s  used (18 cm, Helmholtz-aiding) 

MTS plunger deformation: .25" 



~ 

"Z" Series TABLE I I R 

PEAK TRABECULAR LOADS (2 + SD) FOR STRAIN B RATS 

MTS DATA FOR CONTROL GROUPS I AND I1 AND 

GROUP I l l  SINGLE PULSE AND PULSE BURST EXPOSED 

- 

Peak Trabecular Load 

( lbs. )  

11.9 + 4.8* 

Expe r i men t a  1 An 1 ma 1 s N 

S tanda r d  Lab0 r a t 0  ry 
Cage L i v i n g  38 0 

Group I 

Con t ro  1 

Operated & c (casted h i n d  l imbs) 
To ta l  Body Spica Cast 

Group 1 I 
Con t r o  I 

* 
1.9 + 1.3 15 - 

Group I I t f Ooerated 6 

Singie Exposed PulselCasted as Group I I  

Group 1 1 1  r ODerated 6 
Burst Casted as Group I I Exposed 

5.0 0 + 0.9*+ 

* 
2.7 - + 1.4 

* 
Ind ica tes  s i g n i f i c a n c e  P < . O O 1  when compared t o  Group I 

Ind ica tes  s i g n i f i c a n c e  P <  .001 when compared to Group I I + 

Casting: 

Round c o i l s  used 

M I S  plunger deformation: .25" 

0' - 35' o f  abduction. 

(18.0 cm, Helmhol tz -a id ing)  
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OBJECTIVES: It is mandatory to  prove the safety of pulsing electrolmagnetic 
f ie lds  f o r  ilwhole-body" exposure  as a prelude to  extensive 
exposure studies in bed rest volunteers  and, against  the 
possibil i ty that  e lectromagnet ic  coi ls ,  ultimately, a r e  to  be 
used  to prevent  bone lo s s  under  conditions of recumbancy o r  
weightle s s ne s s . 

APPROACH: To this  end the experiments  employing pulsing e lec t romag-  
netic fields (single pulse o r  pulse t r a i n  s ignals)  were  initiated 
in  December of 1976 to investigate the following: 

1. Assay  the ability of the f ie ld  to  increase  skeletal  m a s s  
above normal ,  a s  measured  by ash weight/body weight ra t ios .  

2. To a s s a y  possible "toxicologic" effects of chronic field 
exposure.  
o the r  than bone were  studied f r o m  each  of the seve ra l  f ield 
s t rengths  a n d  vectors  (pulse shape remaining the same). 
This study was possible with the 4 and 6-level plexiglass 
"mouse manors"  used beginning in December of 1977. The 
study of the effects of uniform and non-uniform fields ( e m -  
ploying fields with proven therapeut ic  capaci t ies)  was 
conducted on a var ie ty  of organs:  bra in ,  hear t ,  kidney, 
ad rena l s ,  l iver ,  spleen, panc reas ,  gut, ovar ies  and t e s t e s  
using s tandard h i s  to patho logic te c hnique s . 

F o r  this phase of investigation a var ie ty  of t i s sues  

3.  To a s s a y  possible teratologic effects of chronic field 
exposure:  mothers  and offspring w e r e  studied. The offspring 
w e r e  studied par t icular ly  fo r  growth pat terns  during this  
chronic  exposure and fo r  success ive  generation effects both 
i n  and out of the fields. 
along with growth cu rves  provide the data base  fo r  these 
s tudie s. 

Skeletal  mass and organ  prof i les  

E XPE RIMEN TA.L 
A NIMA L 

Swiss  Webster  Mice supplied by C a m m  Labora tor ies  

Sex and pregnancy status specified fo r  e a c h  experiment.  

All  an imals  are given a 14-day accl imat izat ion period a f te r  a r r iv ing  
at these labora tor ies  before being ass igned  to  control o r  exper imen-  
tal groups.  During this period the an imals  a re  separa ted  by sex 



2 M  

and observed to a s s u r e  they a r e  d isease  f r e e  and that the females  
a r e  not pregnant. 
study where the females  w e r e  mated a t  C a m m  Labs and delivered 
a t  these labora tor ies  one week p r i o r  to delivery.  ) 

(One exception was the 4-level mouse  manor  

EXPERIMENTAL 
DESIGN 

Control animals:  Standard laboratory cage living 
cages: 12" x 5" x 7" ( L - H - W )  

Experimental  animals:  animals that were  exposed to P E M F :  
24 hours/day. Pu l se  charac te r i s t ics  a r e  
descr ibed  in  rat model section. 

Sacrifice dates:  

20,28,40,42 o r  60 days: indicated fo r  each  experiment  

With the exception of the f i r s t  3 s e r i e s  of mice  studies ( Table 1 M), the 
mice  experiments  were  conducted using the following system: 

New restraining cages (mouse m a n o r s )  were  designed and 
built to pe rmi t  the checking of a whole s e r i e s  of f ie ld  s t rengths  
and vec tora l  pat terns  simultaneously. (These studies began a t  

one female & 
2 m a l e s  are  
as signed to  
each  level  o r  
cage a f te r  ac-  
c l imat izat  io n. 

the end of 

? Group I 
Control 

Grour, I1 
Control 

Group III 

L 

1977, ) 

a r e  housed i n  s tandard s ized  laboratory cages as 
descr ibed  ea r l i e r .  
i n  the char t s  fo r  this  sect ion.)  

(Refer red  t o  a s  Control Cage an imals  

a r e  housed in  mouse manors  without coils. Refer red  to  
as Restraining Cage Controls ( o r  res t .  cage controls 
in  some charts) .  

a r e  housed in  mouse manors  with a pa i r  of Helmholtz- 
aiding coils affixed between f loors  as descr ibed in  
the text that follows. 
to e i ther  the single pulse o r  pulse t r a in  a s  specified in  
e a c h  experiment. 

Animals a r e  exposed continuously 

Mouse Manor system: cons is t s  of e i ther  4, o r  l a t e r ,  6 levels of 
plexiglass t r a y s  f o r  residency, stacked one on top of the other. 
Each t ray ,  o r  level,  is a 5-sided box (19 x 19 x 6 c m )  with the 
"ceiling" provided by the m a i n  lucite shelf, t r a y  support  s t ructure .  
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E a c h  t r a y  m a y  eas i ly  be removed by sliding it horizontally 
f r o m  its shelf. 

G r o w  I11 Mouse Manors 

- a pa i r  of Helmholtz-aiding coi ls  (8" x 8 " )  a r e  mounted 
with the i r  long axes para l le l  to the table top: one between 
floor one and two (attached to  the "ceiling" of floor one) 
and the other  between f loors  two and th ree  (attached t o  the 
"ceiling" of floor two). 

- Signal charac te r i s t ics :  single repeti t ive pulse (4-level manor )  
repeti t ive pulse bu r s t  (6-level manor )  

- These t r a y s  were designed to  constrain the mice  to the region 
within the coi l  '(windows", i. e. intercoi l  distance of the coils.  

- This a r rangement  allows one t r a y  of mice  below the coils,  
one inbetween, and two (o r  four)  above the coils. 

- A design of this type pe rmi t s  the survey simultaneously of 
field effects  ranging f r o m  homogenous, 1. 5 m v / c m  induced 
to  nonhomogeneous 0.15 m v / c m  induced. 

- SEE F igures  1 M and 2 M f o r  a diagrammatic  representat ion 
of the 4 and 6-level mouse manors ,  respectively,  with the 
amplitude ranges provided for  each  t r a y  level. 

Both m a l e  and female mice  a r e  used in  these studies,  including 
pregnant o r  mated females ,  to  study the effect of this sys t em 
on conception, embryogenesis ,  growth and development. 

RESULTS O F  SWISS WEBSTER MICE EXPERIMENTS: 

3 S e r i e s  of Experiments  o n  the Effects of Whole Body Field Exposure on 
Skeletal  M a s s  (SEE Table 1 M) 

- Mouse manors  were not used fo r  these experiments .  

- After  sacr i f ice  a t  28 days the an imals  were  weighed, m a j o r  
soft p a r t s  removed and the remaining c a r c a s s  (including all 
of the skeleton) ashed. 

The only few clear ly  significant an imal  r e su l t s  were  f rom 
the single pulse exposed animals  in S e r i e s  1. These few 
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animals, 2 .9  - 3 . 4  a s h  weight/body weight 7'0, w e r e  
exposed to  lower f ie ld  s t rengths  than normally used in  
this p rogram a n d  w e r e  in  f r inging regions.  
demand a m o r e  definitive study be done to see i f  this i n c r e a s e  
of 1-2070 in  a s h  weight could be reproduced. 

These r e s u l t s  

Resul ts  f r o m  Se r i e s  2: It appea r s  f r o m  these r e su l t s  that 
control  values  a re  near ly  ident ical  with those repor ted  f o r  
Se r i e s  1's controls. In addition, it appea r s  that the pulse 
t r a in  exposure (at least with the chosen pulse p a r a m e t e r s )  
does not affect  the total  ske le ta l  mass i n  these an imals  i n  
2 8  days to  any significant degree.  

Resul ts  from Ser ies  3: are  only marginal ly  significant. 

Summary  of resu l t s  fo r  these th ree  series: 
to suggest  that  adult mice  exposed to  fields fo r  28 days m a y  
slightly increase  the i r  ske le ta l  mass in otherwise normal  
animals .  

The data  seem 

Both the g r o s s  physiological evaluation and the histopathologic 
survey  of the major  organs  of a l l  th ree  series of an imals  
indicated no abnormalit ies.  

MOUSE MANOR STUDIES 

Objective of studying the single pulse  in  this first mouse manor  study: 

This signal was assayed  under the exper imenta l  conditions descr ibed  
on  pages 2M and 3M because i t  seems t o  have the g r e a t e r  effect in re ta rd ing  
o r  preventing disuse osteoporosis  i n  the rat. 

- The f i r s t  pregnant mice, ma ted  at Camm Labs and de l ivered  
one week p r i o r  to term, w e r e  put into the three  exper imenta l  
Groups I, I1 and 111 descr ibed  earlier as  a prelude to mat ing 

to  the field. 

and r ea r ing  8 through F 4 generations,  chronically exposed 

- It 's important  to note that control  and experimental  an ima l s  
fall into one of the following ca tegor ies  (this applies to th i s  
study and the following study using the pulse t ra in) :  

1. Animals sacr i f iced  at 40 - 60 days postnatally. 
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Single Pu l se  
Mouse Manor Study, cont. 

2. Animals remaining in designated cage o r  res t ra ining 
manor  level  to initiate successive generation. 

3. T e s t  animals removed to a control condition following 
some period of t e s t  sys tem exposure.  

4. Animals maintained in  designated cage o r  res t ra ining 
manor  l eve l  fo r  long t e r m  survei l lance study. 

Re sul ts  : Resul ts  f r o m  this  study a r e  presented in  Char t s  I M, 
2 M a n d  3 My and Table 2M. 

CHART IM 

3 The F generation survived only 20  days (by design). 
Despite the fac t  that  these mice  were  markedly  immature 
the i r  a s h  weight/body weight 70 was above the normal  
range for the Group I cage control animals .  

F r o m  this cha r t  it is evident that  the only an imals  which 
had a statist ically significant i nc rease  in  inorganic 70 
over  the  Group I cage controls,  a s  well  as the Group I1 
r e s t r a ined  controls ,  were  the animals  on levels  1 and 3 
The induced voltages at these two levels  a r e  0.8 and 
1.1 m v / c m ,  respectively.  

Furtherm-ore, s ince the acim21s on level  1 have the m a j o r  
portion of their  body above the floor level,  the voltage 
at body level, is probably a n  average  of 1 mv/cm.  
At level  4 with a n  induced voltage of 0. 2 m v / c m  there  
was no statist ically significant i nc rease  over  cage controls 
but, t he re  was over  the controls in res t ra in ing  cages. 

Summary:  Ash  weights f r o m  these animals  s e e m  to 
indicate that as in  the first 3 s e r i e s  descr ibed  earlier-- 
exposure t o  f ields may  inc rease  skeletal  mass slightly 
i n  otherwise normal  animals ,  par t icu lar ly  when the 
single pulse is used (compare notes under  pulse t r a in  
manor  study). 

Histopathology No significant abnormali t ies  were  noted. 
One exception concerns the loss of t rabecular  bone f r o m  the metaphysis of 

i n  single pulse t r ea t ed  animals ,  but remained a n  observat ion i n  pulse burst 
t r ea t ed  mice. 

Crolli; II mice (bGtbL sing?z i;.;?se kGrst s:ii&es). This iiot 
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CHARTS 2M and 3M: Growth Curves  (age vs. weight 
gain) 

F r o m  Chart  2 M it is c l ea r  that  t he re  are  d i f fe rences  
i n  weight gain over  time between Group I1 Cmtrols  
and Group I Controls. The Group II and Group 111 
animals a r e  identical i n  the i r  weight gain pat terns  in  
the F1 and F generations (Char t  3 M). Thus, the 
rest raining cage s e e m s  to be the important  var iab le  
r a t h e r  than the P E M F  exposure affecting weight gain. 

2 

The growth rates of Group III mice  continued to f a l l  
within the s tandard deviations of the Control Group I1 
animals  through t h e  F 
Char t  3 M). 

3 generation (not shown on 

These two cha r t s  demonst ra te  that  the weight gain, as 
a function of 40 days f o r  t rea ted  animals,falls within 
the range of the controls (both Group I and Group 11). 
There  a r e  individual var ia t ions in the t rea ted  litters 
which m i g h t  be significant i f  l a r g e r  numbers w e r e  
involved, but this is not s een  a s  a compelling problem. 
The  uniformity of b i r th  weights fo r  t h e  Group I11 
animals  should be noted. 

4 The F l i t ter ,  which had a normal  b i r th  weight was 
flooded out by a break  in the watering sys tem,  so we 
los t  the continuity of succeeding generations i n  which 
field bred and r a i sed  an imals  were  used to produce 
offspring which, i n  tu rn ,  spent the i r  en t i re  l ives  i n  the  
field until fu r the r  breeding. 

TABLE I1 M: Li t te r  s i ze s  f o r  Group I, I1 and Group ILI 
animals.  

F r o m  this c h a r t  it should be  noted that the numbers  of 
offspring (as was mentioned above fo r  b i r th  weights) 
for  f ield exposed an imals  show a much nar rower  range 
than those of controls:  More Uniformity of Li t te r  Size 
i n  PEMF Exposed Mice. 

STUDY SUMMARY: These skeletal  mass, teratology, 

F r o m  this set of s tudies  was achieved a line of animals  
~ = C S P , ~  c o f i t i f i i ~ ~ i ~ s l y  tn the. f i e l d s  in e x c e s s  of 5 months 

4 "toxicology" studies were  terminated in the F generation. 
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without any evidence of ma jo r  abnormality,  unless  
a n  increased a s h  weight, m o r e  uniform bi r th  weight 
and l i t ter  s i ze  m a y  be considered aberrant .  

Mouse Manor Study I1 Employing the Pulse Tra in  

These experiments  a r e  a lmos t  identical  i n  nature to  
those descr ibed f o r  the Single Pu l se  Mouse Manor 
Study and begun i n  the fall of 1978. The ma in  
differences f r o m  this e a r l i e r  study a r e  the pulse 
charac te r i s t ics  (noted in F igu re  2 M), the use  of 
a 6-level mouse m a n o r  (VS. 4) which provides a 
different se t  of induced voltages surveyed p e r  
level  (See F igure  2 M) and a sacr i f ice  date at 
42 days.  

Objective of commencing study of the pulse t r a i n  in  the mouse 
manor  system: 
15 Hz)  as a baseline fo r  future s tudies  designed to dec rease  effective 
exposure t ime to a n  absolute minimum. 
define the issue of the increased skeletal  mass a s  a function of growth 
in both "signals". 

To a s s e s s  the pulse t r a i n  (burs t )  signal ( 5 m s e c  wide 

Also, it was initiated to 

Init ial  Resul ts :  Results f r o m  this  study a r e  presented in  Char t s  IVM 
and V M and Table I11 M. 

TABLE I11 M : Comparison of sacr i f ice  weight, a s h  
weight and r a t io  of a s h  weight to body weight of F 
generation of mice  f r o m  Control Groups I and I1 and 
the Group I11 pulse b u r s t  exposed animals.  

1 

In this s e r i e s  t he re  was only one group with a 
statist ically significant i nc rease  in  percent  inorganic 
ove r  cage r e s t r a ined  and none over  cage controls.  
These r e su l t s  should be compared with those seen  
for the single pulse exposed an imals  
Also,  this one significant group occur red  in  animals  
with a markedly reduced body weight, so  the r e su l t  
i s  open to ser ious  question. 

(SEE Char t  1 M). 

CHART IV M AND V M :  Growth cu rves  (weight 
vs.  age ) f o r  first generation litters born  and ra i sed  
exposed to  PEMF (pulse t r a in )  and Control  Groups 
I and 11. 
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SIGNIFICANCE OF MOUSE MANOR STUDIES USING P E M F  FROM 
SINGLE P U L S E  OR P U L S E  BURST SIGNALS: 

The r e su l t s  presented fo r  these s tudies  i n  growing mice  but t ress  the data  
f r o m  the r a t  model  p r o g r a m  i n  several ways: 

1. 
are probably not species  specific. 

First, the effects of pulsing electromagnet ic  fields on skeletal  t i s sues  

2. 
have been documented in  large numbers  of mice over  significant per iods  of 
whole body exposure.  The fields, therefore ,  appea r  a t  this point i n  t ime  
to be reasonably safe. 

At o r  near  the therapeutically induced voltages,  no deleter ious effects  

3. The mouse  r e su l t s  indicate, again, the single pulse i s  m o r e  effective 
than the pulse bu r s t  for  modifying skeletal  mass. 

4. 
sys t em (assuming appropriate  pulse shape) i n  o r d e r  to produce effects. 
This "threshold" pa t te rn  seems s i m i l a r  to that  observed  in the cl inical  use 
of pulsing electromagnet ic  fields for  non-unions. In the la t te r  application, 
m o s t  rapid and beneficial  effects on healing a re  achieved in  the range of 
1. 0 - 1. 5 m v / c m  of bone. Below and above these  levels  it i s  difficult, i f  
not impossible,  to document changes in the state of the non-union e i ther  by 
radiographic o r  by clinical  means.  

It appears  that  a c r i t i ca l  induced voltage leve l  m u s t  be reached in  this  



FIGURE 1M 

0.5 - 2 mv/cm 

9 - 1 1  mv/cm 

12 - 15 mv/cm 

6 - 8 mv/cm 

Helmhol t z -a id ing  -_d 

\ coi 1s 
(8" x 8") 

DIAGRAMMATIC REPRESENTATION OF 
4 LEVEL MOUSE MANOR USED FOR 
ANIMALS EXPOSED TO PEMF (Single Pulse) 

4 

3 

2 

1 

J; These c o i l  probe measured voltages are 10 times 
h igher  than the induced voltages measured i n  t issues. 
The h igher  o f  the two values are center f i e l d  and the 
lower, t he  per iphera l  f i e l d  (but wi th in  the  i n t e r -  
c o i l  d istance o f  t he  c o i l s ) .  

Thus, t i ssue  induced vol tage ranged from a h igh  
o f  1.5 mv/cm a t  t h e  center o f  l e v e l  2 ( f lanked 
by the  c o i l s )  to a l o w  o f  0.05 mv/cm a t  the 
per iphery o f  leve l  4, some 6 inches away from 
the nearest c o i l  face. 

GENERIC SINGLE REPETITIVE PULSE CHARACTERISTICS: 

0.2 - 0.4 msec p o s i t i v e  going 

12 - 15 msec r e p e t i t i o n  r a t e  



FIGURE 2M 

DIAGRAMMATIC REPRESENTATION OF 
6 LEVEL MOUSE MANOR USED FOR 
ANIMALS EXPOSED TO PEMF (Pulse Burst) 

Probe Measured Voltages* 

Mice 

6 
L u c i t e  Tray leve ls  

2 - 3 mv/cm 

4 - 6 mv/crn 

8 - 12 mv/cm 
Helrnhol t z -a id ing  _I) 

\ C o i l s  pTq (8" x 8" co i  1s) \.$ 

5 

4 

3 

2 

1 

* These c o i l  probe measured voltages are  10 times h igher  
than the induced voltages measured i n  t issues.  The h igher  
o f  the two values are center f i e l d  and the  lower, the 
per iphera l  f i e l d  (but  w i t h i n  the i n t e r c o i l  distance o f  
the  c o i l s ) .  

GENERIC REPETITIVE PULSE BURST CHARACTERISTICS 

4.0 - 6.0 msec p o s i t i v e  going 

50-90 rnsec r e p e t i t i o n  r a t e  
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S w i s s  Webster Mice 

SERIES 3 

1 

TABLE 1 M 

CONTROLS 8 2.79 - + 0.21% 

16 2.94 - + 0.25% ALTERNATING 
PULSE TRAIN/SINGLE PULSE ** - 

EFFECTS OF WHOLE BODY FIELD EXPOSURE ON SKELETAL MASS 

ASH WEIGHT/BODY WEIGHT % (Z+ SD) IN 3 S E R I E S  OF EXPERIMENTS - 

Ash Weight/Body Weight % + 

(mean + SD) - Experimental Animals N 

( a l l  female, 40 gm.) 
- 

SERIES 1 

SER ES 2 

2.7 - + 0.1% CONTROLS 8 

* 
SINGLE PULSE EXPOSED 16 2.9 - + 0.35% 

*4/16 mice f e l l  w e l l  above 
the range f o r  the con t ro l s  w i t h  
values o f :  2.9, 3.1, 3.2 and 3.4%. 

CONTROLS 8 2.67 - + 0.26% 

PULSE TRAIN EXPOSED 16 2.71 - + 0.15% 

+ 
A l l  animals s a c r i f i c e d  a t  28 days. 



Teratology/ Toxicology Study 
Swiss Webster Mice 

LITTER S I Z E  DATA 

TABLE I I M 

L i t t e r  Size Day 1 L i t t e r  Size Day 40-60 
t o t a l  (Z + SD) t o t a l  (Z - + SD) L i t t e r  Desc r ip t i on  # o f  L i t t e r s  - 

Standard Laboratory 

Cage 

Rest ra in ing  Cage 

(mouse manor) 

Group 1 

Control 

c Group I I 
Control 

8 

4 

71 (8.9 2 3.2) 50 (6.3 - + 2.0) 

40 (10 - + 2.9) 38 (9.5 3.1) 

Group I I I 

S ing le  
Pulse , 
Exposed 
Mouse 
Manor 

1 F Genera 
Le ve 

F Genera 
Le ve 

1 

7 

i on 
# 1  

i o n  
# 3  

F’ Generation 
Level #4 

1 

1 

1 

2 
1 F Generation 

To cage 1 i v i n g  

3 F Generation 
Level #4 

1 

12 8 

12 5 

1 3  7 

1 1  8 

1 1  1 1  
( a f t e r  20 days) 

TOTAL Mice Populat ion : 170 

(Day 1) 



Teratology/Toxi col  ogy Study 
Swiss Webster Mice 

COMPARISON OF SACRIF ICE WEIGHT. ASH WEIGHT 

TABLE I l l  M 

~ 

AND RATIO OF ASH WEIGHT TO BODY WEIGHT OF 
F' GENERATION MICE: CONTROL GROUPS I AND I 1  

AND GROUP 1 1 1  PULSE BURST EXPOSED MANOR 

N 
Expe r i  men t a l  Groups Equal # S a c r i f i c e  Weight Ash Weight Inorganic  

mal es/fernales gms . gms. % 

Con t ro 1 
14 24 - + 3" .63 - + .09* 2 .7  - + .1 

12 Group I I  Rest ra in ing  Cage 

(mouse manor) 
Control  c 19 + 2 - 2.6 + . 1  - .50 + .02 - 

Group1 I I 
Pulse 
Burst  
Exposed 
Mouse 
Manor 

Leve 1 

Leve 1 

Leve 1 

Leve 1 

Leve 1 I' Leve 1 

# 1  

# 2  

# 3  

# 4  

# 5  

# 6  

10 20 + 2 - 
22 + .5 - 4 

10 

12 

19 + 2 - 
15 + 2* - 
15 + 2* - 14 

18 + 2 - 12 

2 .8  + .2  - .61 + .03* - 
2.8  + . 1  .52 - + .06 - 
2.9 + .2* - 

.41 + .07* 2 .7  - + .3  - 
2.8 + .2 .50 - + . O S  - 

* Indicates s ign i f i cance  P(.OOl when compared t o  
Gioiip i i  inice. 



RABBIT MODEL PILOT STUDIES 1 Rb 

OBJECTIVE: To study the effects of P E M F  on d isuse  osteoporosis  in the 
mature rabbit. 

SPECIFIC ISSUES 
AND APPROACH. These pilot studies on the d i suse  osteoporosis  model  

chosen fo r  the rabbit  are to  focus on  the following 
is sues: 

1. To demonstrate that  e lectromagnet ic  field 
modification of d i suse  osteoporosis  is not spec ies  
spe cif ic. 

2. Analysis of bone based  on cont ra la te ra l  controls  in 
the same animal  (made possible in the rabbit model  
vs. rat model due to inc reased  s i ze  of the animal).  

3. The mature  rabbit should provide some insight into 
the role, i f  any, of growth and remodeling which 
always occurs  i n  the rat, secondary to its life long 
open epiphysis. (Note: Rat  model  investigations 
have indicated l a rge  differences i n  disuse osteopor  - 
o s i s  between a rapidly growing 260 g m  animal  and a 
slowly growing 260 g r a m  animal. Thus, results of 
rabbi t  model studies would be important t o  conf i rm 
this  tendency.) 

EXPERIMENTAL 
ANIMAL 

New Zealand White Rabbits, female, approximately 1-2 y e a r s  old. 
ma tu re  animals demonstrate  c losed epiphyses upon x - r a y  
immature animals  demonst ra te  open epiphyses upon x - r a y  

Supplier: C a m  Labs 

EXPERIMENTAL 
DESIGN 

lc Control  Animals: Live in  Standard Labora tory  Cages (approx. 25" x 
23" x 15"; L W H). One rabbi t  p e r  cage. 

Exper imenta l  Animals: Rabbit Model fo r  Disuse Osteoporosis  
This model involves a "combined approach" similar 
to that of the rat model: 
1. ~perati.v.e --m'.-a.---- y r u L b u u A G ;  a e c ~ i u n  p -  - & *  ui the eciatic 

nerve and tendo Achilles (SEE Figure  1 Rb) 



I RABBIT MODEL PILOT STUDLES 2 Rb 

2. Casting procedure: whole body spica 
nipples to  toes  (bi la teral)  

a pedestal  (3" in  diameter ,  6 in. high) 
- cas ted  an imals  are suspended on 

One casted l imb s e r v e s  as a control (some 
shielded with cone1 meta l )  

Experimental  limb: 

Helmholtz-aiding coi ls  (as  indicated/ study) 

of the cast .  

was exposed to P E M F s  for  24 hrs .  /day. 

pulse or repet i t ive pulse bu r s t  (as descr ibed in  
r a t  model section).  

- f i t ted with a pa i r  of 18 cm o r  4" x 4" 

- these coi ls  are mounted to the sur face  

- In a l l  experiments  the t rea ted  l imb 

- P E M F s  were  e i ther  single repeti t ive 

E xpe r ime ntal Re sults 
Method of Bone Analysis: 

radiographic, histologic and mechanical testing. 

Summary  of Evolution of mechanical  testing analysis of bone in  
this rabbi t  model: 

Animals f r o m  Pi lot  Study #2 analyzed: 

Notes: Heterogeneity of t r abecu la r  distribution i n  the os ca lc i s  
t ibial  metaphyses and dis ta l  f emora l  metaphysis is impressive 
on g ross  and radiographic evaluation of these regions f r o m  
normal  ma tu re  animals. 

Plunger  testing in  a var ie ty  of specimen orientations: 
Fu r the r  demonstrated the heterogeneity noted above and made it c l e a r  
that  this  highly sat isfactory t e s t  in the proximaL tibial  metaphysis  of 
the rat was likely but inappropriate for  the rabbit. 

Normal  o r  longitudinal of whole bone: 
again, seemed to  dilute effects  to be observed when t rabecular  
bone is the main  focus. 

In  Apr i l  '78 prel iminary s tudies  of rad ia l  splitting (cone o r  wedge) 
t e s t  of the rabbi t  os calcis  seemed to  overcome these problems: 

-It appeared that a n y  m a j o r  l o s s  of t rabecular  s t ruc ture  in  this  
' region removes the  "tie rods", allowing ear ly  "cortical-cancellous1I 
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, RABBIT MODEL PILOT STUDIES 3 Rb 

fai lure  of the external  she l l  of this  bone. 

des i red ,  but it was a reproducible method. 

sufficiently sensit ive to detect  minor  to  moderate  modifications of 
t rabecular  s t ruc tu re  i n  this bone. 

This t e s t  sys t em f o r  the os ca lc i s  demonstrated that 
a plunger with a .07" diameter  and a . 02" length backed by a 30" 
cone will  give both t rabecular  and r ad ia l  splitting data which a r e  
highly reproducible on cont ra la te ra l  bones. The values are - t 570 
r ight  vs. left. 

- This t e s t  reflected more  of a co r t i ca l  component than 

- By June '78, resul ts  with th i s  testing method appeared to be 

- July '78: 

RESULTS O F  RABBIT MODEL PILOT EXPERIMENTS: 

- It was establ ished that the rabbits to le ra te  p l a s t e r  immobilization well. 

- It was establ ished that coils can be mounted external ly  on the cas t  to 
treat one extremity;  with the other serving a s  control. 

PILOT STUDY #l. 6 rabbits confined in p las te r  spica cas t  to determine 
if  they to le ra ted  40-60 days confinement in  spica follow - 
ing operation. 

PILOT STUDY #2. Rabbits casted only (as above) with no operative 
procedure performed. 

- Attempts  planned to mobilize these animals  
af ter  removal f r o m  casts a t  the end of 6-8 weeks. 

- After rehabili tation period of 6-8 weeks, the bones 
(hind limb) w e r e  subjected to mechanical and histolog- 
ica l  analyses. 

Resul ts  Attempts were  unsuccessful  in  mobilizing any an imal  
a f te r  prolonged casting with o r  without subjection to  
the operative procedures .  

F o r  the future: More t ime and finances needed to 
develop necessa ry  rehabili tation aids.  
of the protocol discontinued. 

This phase 
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RABBIT MODEL PILOT STUDIES 4 Rb 

PILOT STUDY #3. 
1st Group Exposed 
to  P E M F  (Single Pu l se )  

4 rabbits subjected to  operat ing/cast ing 

- 3 of 4 animals  had one l imb fi t ted with a 
pa i r  of 18 cm (bent oval) Helmholtz-aiding co i l s  
mounted to  extensor/f lexor  sur faces  of the cast .  
Other l imb served  as a control* Sacrifice:  35 days. 

- 4th animal: Days 1-35: pos t  op/cast ing,  no coils 

applied to one extremity 
Days 35-70: Single Pu l se  coi ls  

Sacr i f ice  a t  day 70. 

*Note: Because of the configuration of the field 
"blow-out", the cont ra la te ra l  l imb induced voltage 
values a r e  four o r d e r s  of magni tude below the 
t reated and these can be reduced fu r the r  by two 
o rde r s  of magnitude by Cone1 metal shielding. 
The latter will  only be employed i f  proven necessary  
by a comparison of the untreated control  l imbs 
with limbs of totally control animals.  

Resul ts  Radiographic analysis: substant ia l  differences 
between t r ea t ed  and control ex t remi t ies .  

Mechanical testing using the punch approach t o  
the  ra t  t ibia (modified for  the rabbi t  f emur )  failed 
to demonstrate the differences noted radiographically. 
(Technical fa i lure  of t e s t  method. ) 

I 

I 
I 

Histologic analysis:  confirmed radiographic resul ts .  

Fu r the r  
notes: - the 70-day rabbi t  demonstrated the m o s t  profound 

differences ( r ight  VS. left): 

appeared a lmost  normal  in its density (by "eyeballing" 
i t )  and in i ts  t rabecular  widths and resorp t ion  cavity 
counts. 

of t rabecular  ma te r i a l  and cancell ization of the outer  
cor t ical  shell. 

1. Coil t rea ted  ex t remi ty ' s  os calcis :  

2. Untreated limb: showed marked  loss  

- Histologic feature  of all 4 animals  with t rea ted  
O S  c d c i  (three, 35-dzy and nne ?O-day animal):  



5 Rb RABBIT MODEL PILOT STUDIES 

Pi lot  study #3, cont. - the cement  l ines  in the t rea ted  os 
a r e  increased i n  number and in thickness 

PILOT STUDY #4 

Results:  

ca lc i  

- the significance of this observation is 
not c lear ,  un less  it has to  do with slower turnover  
r a t e s  of old material, coupled with surpr is ingly 
increased accret ion.  

F o r  the future: m o r e  labeling studies need to  be 
done to confirm these  points. 

To provide additional pilot  data on new mechanical  
testing method: in  o r d e r  to answer the question of 
effectiveness in  detecting t rabecular  bone loss  in  
the shortest  t ime. 

4 experimental  an imals ,  2 cage controls ’ 

Experimental  animals:  one l imb of each affixed 
with 18 c m  coils: 

Single Pulse:  2 ex t r emi t i e s  (1 mature ,  1 immature  

Pulse Burst :  2 ex t r emi t i e s  (1 mature ,  1 irnmature 

This provided 4 cont ro l  l imbs,  4 t rea ted  limbs. 

animal) 

animal)  

Sacrifice of all an ima l s  at 35 days. 

A. Immature Animals. 

1. 
extensive os teoporos is  in  the os calci  of both 
the t r ea t ed  and control  s ides .  

radiographs at 35 days showed (post sacr i f ice)  

2. 
method demonst ra ted  a 

mechanical  teating using the radial  splitting 

’75’7’0 < i n  ul t imate  ( fa i lure)  load when the 
control (op /cas ted)  os ca lc i  were compared with 
4 normals  f r o m  cage control  rabbits of the same 
age. 

Therefore:  it appeared that this method 
of testing was  sa t i s fac tory  and probably would 
give a high l eve l  of corre la t ion  with radiographic 
and histologic data. 
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RABBIT MODEL PILOT STUDIES 

~~ 

6 Rb 

Pi lo t  study #4, cont. B. Mature Animals. 

Control os ca lc i  demonstrated a 

30% < in  fa i lure  loads, but ranges  fell 
a lmost  within the variations of loads der ived 
f rom normal  cage control adult  os calci. 

It seemed apparent ,  therefore,  that the adul ts  
must  be kept longer in  the c a s t  (probably 70 
days) before sac r i f i ce  and testing in o r d e r  to 
es tabl ish the kinds of data necessary  in  a study 
which will  employ fewer animals  than the rat 
study. 

Summary: There is a s t rong suggestion that animals with open 
epiphyses have a g rea t e r  r a t e  of bone turnover and 
are more  ' 'sensit ive' '  to disuse situations than 
mature animals .  

P ILOT STUDY # 5  . 

Mechanical t e s t  values indicated that neither the 
pulse t r a in  nor the single pulse modified the  
osteoporosis fo r  this model sys tem in this t ime 
frame.  

Improvements  needed: These r e su l t s  don ' t  
mean that  the rat resu l t s  cannot be confirmed in  
rabbits: coi l  design and placement s t i l l  is cr i t ica l ly  
important in  the success  of this modality (even 
given an effective pulse). Round coi ls  were  chosen 
before we began to  focus on this fac tor  and the 
casting method placed the os ca lc i  at such  an  angle 
to the field that the induced voltage was below the 
low (induced) threshold of 1.0 mv/cm. All of these  
deficiencies can be corrected.  

SEE Table 1 Rb 

2 controls: Standard Laboratory Cage Living 

Experimental  Animals: 5B, 7B, 5s and 7s: 
operated and casted 



RABBIT MODEL PILOT STUDIES 7 Rb 

Pi lo t  Study #5, cont. 

Resul ts  : 

2- Ex t. limb: Exposed to  P E M F  

Pu l se  Burs t  Exposed: l imbs 5B r ight  
7 8  left  

Single Pu l se  Exposed: l imbs 5s right 
7s r ight  

Control l imb:  shielded with cone1 me ta l  
3 (signal inside attenuated- -have them 10' 

- 
over the cont ra la te ra l  P E M F  exposed l imb)  

Rabbits 5B and 5s were  subjected to above conditions 
for 5 weeks . 

Rabbits 7B and 7s were  subjected to above conditions 
for  7 weeks. 

SEE Table 1 Rb. 

SIGNIFICANCE O F  RABBIT PILOT STUDIES: 

These studies have se rved  to demonstrate:  

1. 
study disuse osteoporosis  in a non-growing (VS. rat) 
animal. 

that the rabbit  model is a good approach to 

2. the skeletal  effect has been confirmed i n  another  
l a r g e r  species and, again, indicates the super ior i ty  
of the single pulse in  this par t icu lar  biological system. 

In both the rat and rabbit  models t he re  was consistency 
f r o m  the p rogram in  producing significant osteoporosis  
in  control animals  and in reducing the l o s s  in  t r ea t ed  
animals. 



FIGURE I R b  - 
Drawing of Operative Procedure 
for Rabbit Disuse Osteoporosis Model 
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MECHANICAL TEST RESULTS FOR RABBlT OS CALCI TABLE 1 Rb 
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AUXILLARY STUDIES DEVELOPED FROM THIS PROJECT 
AT OTHER INSTITUTIONS 

After  the first sets of significant r e su l t s  of coi l  effects on the rat 

osteoporosis model were  available, Dr. Emily Holton and Dr. E r i c  Sabelman 

at NASA-Ames in  San Franc isco  expressed  in t e re s t  in  using our  coils and 

equipment i n  t he i r  s tudies  of bone formation and destruction. 

Dr.  Sabelman was provided with single coils to  survey  in  his studies on 

osteogenesis in  t i s sue  culture. 

In late 1977, 

Histological data is being collected on 

modification of skeletal  behavior in culture under the influence of the fields.  

As a prelude fo r  expanding the s ize  of coils f o r  whole body coverage 

in man, a pre l iminary  safety and efficacy check was planned and s t a r t ed  

fo r  nearly whole body exposure of res t ra ined  p r ima tes  in collaboration 

with Dr. Don Young at NASA-Ames. Also, with so much emphasis  in  the 

pas t  on calcium balance studies,  it was determined to investigate whether 

the established technology would a l t e r  negative calcium balance in  these 

pr imates ,  as a pre l iminary  step to  humans. 

The initial pilot monkey studies of field effects on calcium balance and 

loca l  bone loss  were  s t a r t e d  i n  mid  1978 at NASA-Ames with equipment 

made  available by Electro-Biology Inc. 

was used for  the spine, round coils for  the legs ,  and, unfortunately, at that 

time a pulse b u r s t  s ignal  was chosen. These decisions were  made p r i o r  to  

the data  f r o m  the t l l O O ' t  Se r i e s  in the r a t  model r e s e a r c h  was completed f r o m  

which we learned  tha t  the round coils and pulse bu r s t s  are considerably less 

In these init ial  studies a long coi l  



,Auxiliary Studies at Other Institutions, continued 

pulse. 

pulse shapes,  it would have been su rp r i s ing  if any p r o g r e s s  had been made. 

In  the prel iminary r epor t  of resu l t s  f r o m  spring of 1979 the data  demonst ra ted  

no protective effect  of P E M F  on loca l  osteoporosis  i n  the tibia o r  on negative 

calcium balance. 

In hindsight and in  view of the low induced voltages and wrong 

The project  w a s  felt t o  be a technical fa i lure  but should 

be repeated with improved technology. 

In September of 1977 Dr. Richard Cruess ,  P r o f e s s o r  and Chai rman of 

the Department of Orthopedic Surgery  at McGill University in  Montreal,  

began to conduct a joint p rogram to  investigate the effects of the f ie lds  on 

biochemical p a r a m e t e r s  i n  this  osteoporosis  model. The s tudies  used the 

"combined approach" rat model  and the single pulse fo r  his s tudies  of 

both matrix and m i n e r a l  turnover using labeled proline and Ca45. Resul ts  

of his work will  be presented at the Orthopaedic Research  Society Meeting 

t o  be held i n  Februa ry  1980. An extended abstract of the material presented  

at that time wil l  be available i n  Orthopaedic Transact ions published by the 

Jou rna l  of Bone and Joint Surgery. ---- 

Resul ts  to date f r o m  Dr. C r u e s s ' s  study indicate an  effect of the f ie lds  

on  calcium, hydroxyproline, proteoglycan and collagenase of rats subjected 

t o  the combined procedure (equivalent to  ou r  Group 11 controls) ,  and a m a j o r  

modification by the single pulse of th i s  pa t te rn  ( in  rats equivalent to ou r  

Group I11 animals).  The following results were  obtained: (1) the incorpora-  

t ion  of C14 proline into hydroxyproline was  significantly increased  i n  P E M F  

exposed rats over  controls ;  (2)  incorporat ion of C14 glucose into hexosamine * 



Auxillary Studies at Other  Institutions, continued. 

was significantly inc reased  in  rats exposed t o  PEMFs over  control  animals;  

(3) The uptake of Ca45 was m o r e  than doubled in  t rea ted  rats vs. controls;  

and (4) The re  was  near ly  a t e n  fold dec rease  in  collagenase activity in  

t rea ted  rats vs. controls .  

In summary, the  biochemical data  f r o m  Dr. C r u e s s ' s  endeavors  

- >  inforce the results obtained during this  contract  period: 

(-an be produced with the "combined approach" rat model and this  l o s s  can  

be largely prevented by exposing the animals  to  the effects of pulsing 

electromagnet ic  fields (single repeti t ive pulse).  

suggest an  effect  both on bone destruction (decrease)  and formation ( inc rease  ). 

namely, bone l o s s  

The biochemical results 



PRESENTATION O F  RESULTS A T  MEETINGS/PUBLICATIONS 

During the contract  period, m e m b e r s  of the Orthopaedic Resea rch  

Laborator ies  associated with this  investigation of electromagnetic modification 

of disuse osteoporosis  have presented selected r e su l t s  f r o m  this p ro jec t  

at professional  meetings and have p repa red  technical papers  fo r  publication. 

In November of 1977, the Principal  Investigator participated in  a NASA 

sponsored conference in  San Francisco at the U. S. P. H. S. Hospital to  

review pre l iminary  r e su l t s  of impact (mechanical)  loading as a means  to  

modify bone lo s s  associated with bed rest. P re l imina ry  r e su l t s  of the 

rat model were  presented. 

In February  of 1978, the Principal  Investigator and the Senior Technician 

on this  project ,  Lee S. Basset t ,  p resented  a paper  at the 24th Annual 

Orthopaedic Resea rch  Society Meeting held in  Dal las ,  Texas. An extended 

a b s t r a c t  enti t led "An Improved Model f o r  Producing Rapid Disuse Osteopor- 

osis i n  the Rat Tibia" summar izes  the information presented. 

appeared in  the May 1978 volume of Orthopaedic Transact ions published by 

the Journal of ---- Bone and Joint Surgery. 

This abstract 

(See Appendix I) 

The resu l t s  of the studies of field effects  on disuse osteoporosis  were  

presented  by the Pr inc ipa l  Investigator in Philadelphia, October of 1978, 

at a conference organized by Dr. C a r l  T. Brighton to examine "Elec t r ica l  

and Magnetic Control of Musculoskeletal Growth and Repair". 
. 

A paper  

presented  at this  t ime,  entitled "Prevention of Disuse Osteoporosis i n  the 

' 
R a t  B y  Means of P u l s i n g  Electromagnetic Fields"  is to be part of a volume 



, 
Presenta t ion  of Resul ts  at Meetings/Publications,  continued. 

being published by G r u n e  and Stratton. This collection of conference 

papers  is cu r ren t ly  i n  p r e s s  and will be available i n  September  of 1979 

under  the title: E l e c t r i c a l  P rope r t i e s  of - Bone -- and Carti lage: The i r  Clinical 

Application. (See Appendix 11) 
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APPENDIX I 

Extended Abst rac t  Entitled: 

"AN IMPROVED MODEL FOR PRODUCING DISUSE 
OSTEOPOROSIS IN TKE RAT TIBIA" 

Published in: Orthopaedic Transac t ions ,  Journa l  --- of Bone and 
Joint Surgery May, 1978 

L.S. Bassett, G. Tritzikalakis . 
and C.A.L. Bassett, M.D. Orthopaedic Research Laborato- 
ries, Columbia University, N.Y., N.Y. Since the manned 
space program began, increasing emphasis has been placed 
on combatting disuse osteoporosis. Many models have 
been developed to approximate the bone loss which occurs 
progressively, during weightlessness. These have inclu- 
ded bed rest, bouyancy, nerve section, tenotomy, and 
plaster or other forms of skeletal immobil ization. Pre- 
vious reports of localized disuse osteoporosis, in rats 
indicated a preponderance of lumbar root section, teno- 
tomy, or plaster immobilization to induce bone loss. 
Ash weights and breaking strengths of whole bones were 
the major techniques used to assay results and trabecul- 
ar bone, the m s t  "metabol ically active" component, was 
not studied as an independent factor. In mature animals 
none of these methods achieved alterations in excess of 
20% after 28 days of treatment. 
developed to study trabecular bone and to produce a rap- 
i d  reduction in this component and to test ameliorative 
effects o f  pulsing electromagnetic fields. The results 
.indicate that the major portion of trabecular bone in 
the proximal tibial metaphysis i s  lost within 28 days. 
Following excision of the gastrocnemius, soleus, and 
:tendo Achilles bilaterally from 260 - 10 gm female 
Sprague Dawley rats, both hlnd limbs were immobilized in 
a plaster spIca, from upper thorax to the toes. The 
'animals were further fixed by two transcutaneous Kirsch- 
ner wires piercing two proximal tail vertebral bodies. 
Fhese pins were, i n  turn, placed i n  two adjustable 'IC"- 
shaped plastic yokes which were coupled to a 'lucite bar 
extending caudally along the dorsum of the cast. 
plaster pedestal attached to the ventral surface permit- 
'ted the animal to be "suspended" in space and freed the 
forequarters for feeding. Two groups of animals were 
establ ished; 1 i ttermate free-ranging, controls, which 
were housed in cages and an experimental group which 
had been operated and casted. All animals were fed, ad 

The present model was 

I 

I A 
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U b i t u m ,  and s a c r i f i c e d  a f t e r  28 days. A f te r  removal 
o f  s o f t  t issues,  f resh t i b i a e  were x-rayed, w i t h  con- . 
t r o l  and exper imental  p a i r s  on the same f i l m .  A seg- 
ment o f  t h e  proximal t i b i a ,  measuring 0.4 inches i n  
l e n g t h  was removed and mounted i n  denta l  a c r y l  i c  w i t h  
the open medul lary  c a v i t y  f a c i n g  upward and the  t i b i a l  
a x i s  a l i g n e d  v e r t i c a l l y .  A -06 i n c h  diameter c y l i n d r i -  
ca l  p lunger,  0.4 inches long was f i t t e d  to a 100 lb .  
load  c e l l  head of an MTS (Mater ia ls  Test Systems), Ser- 
i e s  810. A f t e r  cen ter ing  the  p lunger  d i r e c t l y  over  the 
t ransec ted  t i b i a l  s h a f t ,  i t  was advanced i n t o  the m d u l -  
i a r y  canal and metaphysis, for a d is tance o f  0.25 inches 
a t  a r a t e  o f  0.625 inchedmin.  A load-deformation curve 
was produced for each specimen. Free-ranging, con t ro l  
animals, p r o d q e d  peak loads (a t  maximum plunger  excur- 
s ion)  o f  14.7 - 3.8 lbs.  (n=20). Experimental animals, 
which hgd been operated and casted, produced peak loads 
o f  1.8 -- 1.3 lbs. (n=i6). These d i f ferences are s i g n i -  
f i c a n t  a t  p>.OOl and represent reduc t ion  i n  t rabecu lar  
l o a d i n g  c a p a b i l i t y  in excess o f  80% i n  28 days. 
mechanical t e s t i n g  r e s u l t s  o f  c o n t r o l  and experimental 
t i b i a e  were compared w i t h  the radiographic  and h i s t o -  
l o g i c  appearance of l o n g i t u d i n a l  sect ions,  taken through 
tne cen te r  o f  the plunger t rack ,  and found t o  e x h i b i t  
a Righ degree of  c o r r e l a t i o n .  
e s t  l o a d  value demonstrated a merked reduc t ion  i n  the  
number and thickness o f  metaphyseal trabeculae. This 
study demonstrates t h a t  i t  i s  p o s s i b l e  to e f f e c t ,  quick- 
l y ,  a s i g n i f i c a n t  loss o f  cancel lous bone mass i n  the 
proximal t i b i a  by combining myectomy, tenotomy, and 
p l a s t e r  i m n o b i l i t a t i o n .  The model has proven i t s  value 
i n  assessing the  ef fects o f  t ime-vary ing elcctromagnet- 
i c  f i e l d s  w i t h  d i f f e r e n t  p u l s e  c h a r a c t e r i s t i c s .  I n  f a c t  - 
s e l e c t i o n  o f  the proper pu lse  parameters can prevent, 
completely, the  bone loss which occurs i n  t h i s  model 
system. 
no. NAS 9-14931 and a grant f rom the B i o e l e c t r i c  Re- 
search Foundation. 
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These s tud ies  were supported by NASA cont rac t  



P R E V E N T I O N  OF DISUSE OSTEOPOROSIS I N  THE R A T  

BY MEANS OF PULSING E L E C T R O M A G N E T I C  FIELDS 

Lee S .  B a s s e t t ,  George T z i t z i k a l a k i s ,  R.J.  Pawluk 

and C . A . L .  Basse t t  

~ ~- 

APPENDIX I1 

FrQm the  Orthopaedic Research Laboratories ,  Columbia U n i v e r s i t y ,  
Col lege  of Physicians and Surgeons, New York, New York. 

Suppotted by N A S A  contract  NAS-9-14931. . 



I -  

I n t r o d u c t i o n :  

1 O s t e o p o r o s i s  i s  a c o n d i t i o n  c h a r a c t e r i z e d  by a loss of bone mass . I t  

o c c u r s  a s  a r e s u l t  of a v a r i e t y  of c a u s e s ,  a c t i n g  i n d i v i d u a l l y  o r  s y n e r -  

g i s t i c a l l y .  These i n c l u d e ,  among o t h e r s ,  c h r o n i c a l l y  r e s t r i c t e d  ca l c ium 

i n t a k e ;  a c h r o n i c a l l y -  a l t e r e d  d i e t a r y  Ca: P r a t i o ,  skewed i n  f a v o r  o f  

phospha te ;  h y p e r p a r a t h y r o i d i s m ;  h y p e r s t e r o i d i s m ,  whether  endogenous o r  

exogenous;  g e n e t i c  e r r o r s ,  such  as  o s t e o g e n e s i s  i m p e r f e c t a  and hypo- 

p h o s p h a t a s i a  and d i s u s e ,  i m m o b i l i z a t i o n ,  o r  w e i g h t l e s s n e s s .  In  f a c t ,  

bone mass r e f l e c t s  t h e  b a l a n c e  between f o r m a t i o n  and d e s t r u c t i o n .  I f ,  

f o r  example ,  osteagenesis I s  d t m t n i s h e d ,  o s t e o c l a s i s  can remain normal , 
increase, or d e c r e a s e  hy a lesser d e g r e e ,  a n d  o s t e o p o r o s i s ,  e v e n t u a l l y ,  

w i l l  r e s u l t .  One o f  t h e  keys i n  p r e v e n t i n g  a d imin i shed  bone mass, t h e r e -  

f o r e ,  c e n t e r s  on main tenance  of an a d e q u a t e  r a t e  of bone f o r m a t i o n .  

~ 

~ 

I 

Bcne i s  s i m i l a r  t o  any p roduc t  manufac tured  i n  a f a c t o r y ,  i n  t h a t  

i t  r e q u i r e s  an a p p r o p r i a t e  s u p p l y  of raw m a t e r i a l s  ( e g . ,  c a l c i u m ,  phos- 

pha te ,amino  a c i d s ,  V i t a m i n s  C & D ) ,  f u n c t i o n a l  machinery ( e . g .  , mesenchymal 

c e l l s  a n d  o s t e o b l a s t s ) ,  and a s o u r c e  of r e g u l a t e d  ene rgy  ( e . g .  , mechanica l  

e l e c t r i c a l ) .  I f  any of t h e s e  t h r e e  e s s e n t i a l  f a c t o r s  i s  i n a d e q u a t e  or 

a b s e n t ,  t h e  end p roduc t  i s  l i m i t e d  o r  n o n - e x i s t e n t .  Th i s  r e p o r t  f o c u s e s  

o n  the  t h i r d  of t h e s e  f a c t o r s ,  namely, r e g u l a t e d  ene rgy .  

Ten y e a r s  a g o ,  W o l f f ' s  law was mod i f i ed  t o  s t a t e :  "The form o f  a 
I 

b o n e  b e i n g  g i v e n ,  t he  b o n e  e l emen t s  p l a c e  o r  d i s p l a c e  themselves  i n  t h e  

d i r e c t i o n  of t h e  f u n c t i o n a l  p r e s s u r e  and i n c r e a s e  - or d e c r e a s e  t he i r  mass 

_. t o  r e f l e c t  t h e  amoun t  - of p r e s s u r e .  'I 

' 

I t a l i c s ,  h e r e ,  emphasize t h e  r o l e  
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t h a t  c y c l i c  mechanica l  d e f o r m a t i o n  p l a y s  i n  t h e  ma in tenance  o f  bone mass. 

The s t a t e m e n t  was i n c l u d e d  i n  a t r e a t i s e  on t h e  b i o l o g i c  s i g n i f i c a n c e  o f  

p i e z o e l e c t r i c i t y  a s  p a r t  o f  a widening p r o p o s a l  t h a t  e l e c t r i c a l  p h e n -  

omena, u l t i m a t e l y ,  r e g u l a t e  t he  a c t i v i t y  o f  b o n e  fo rming  c e l l s  . 2 

C e r t a i n l y ,  t he re  t s  ample ev idence  t h a t  bone mass i s  c o n t r o l l e d  by 

mechanica l  f a c t o r s .  A r e d u c t i o n  of  deforming  f o r c e s  by b e d r e s t ,  immobi l i -  

z a t i o n ,  p a r a l y s i s ,  bouyancy,  o r  w e i g h t l e s s n e s s ,  a l l  3 9 4 , 5 s 6 ,  r e s u l t  i n  a 

d e c r e a s e  i n  s k e l e t a l  volume [ o s t e o p e n i a ) .  On t h e  o t h e r  hand ,  i n c r e a s e d  

cycli 'c  l o a d i n g  ( - p a r t i c u l a r l y  i m p a c t i v e )  c a u s e s  an a c c r e t i o n  of o s s e o u s  

mass ( e . g . ,  h y p e r g r a ~ i c s ~ ' ~  and e x e r c i s e ,  such  a s  t e n n i s  ) .  

s u l t  o f  r e p e a t e d  mechanica l  de fo rma t ion  and musc le  c o n t r a c t i o n  i s  an i n -  

9 T h e  end r e -  

c r e a s e  i n  the  p u l s i ' n g  e l e c t r i c a l  c u r r e n t s  i n  bone th rough  p i e z o e l e c t r i c  

and s t r e a m i n g  phenomena 1 0 3 1 1 s 1 4 .  I f  these e l e c t r i c  c u r r e n t s  a r e  t h e  s o u r c e  

of  t h e  r e g u l a t e d  ene rgy  which "runs" t h e  "machinery" i n  a bone ' ' f a c t o r y " ,  

i t  s h o u l d  be p o s s i b l e  t o  m a i n t a i n  o r  improve bone p r o d u c t i o n ,  i n  t h e  a b s e n c e  

o f  mechanica l  i n p u t  merely by induc ing  a p p r o p r i a t e  e l e c t r i c a l  currents  

i n  b o n e .  In  o t h e r  words ,  i t  was hypo thes i zed  t h a t  a b o n e  fo rming  c e l l  

w o u l d  n o t  ' ' a sk"  where the m o d i f i c a t i o n  i n  i t s  e l e c t r i c a l  env i ronmen t  came 

from, b u t ,  r a t h e r ,  w h a t  t he  m o d i f i c a t i o n  "meant" t o  i t s  f u n c t i o n a l  s t a t e .  

T h i s  s t u d y  d e m o n s t r a t e s  t h e  f e a s i b i l i t y  of s u b s t i t u t i n g  e l e c t r i c  currents  

induced  by a p u l s i n g  e l e c t r o m a g n e t i c  f i e l d  ( P E M F )  f o r  t h o s e  m e c h a n i c a l l y -  

prodused and ,  t f i e r e b y ,  m a i n t a i n i n g  s k e l e t a l  mass.  F u r t h e r m o r e ,  t h e  p a t -  

tern of c e l l u l a r  dynamics observed i n  t h e s e  i n v e s t i g a t i o n s  a d d s  c r e d a n c e  
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to the hypothesis that Wolff's law is a manifestation o f  a bio-feedback 
I 
I system i n  which an electromechanical transducer (bone matrix) regulates, 
I 

1 0 , 1 1  ,12,13,14 electrically, the activity of osseous elements 

Against this background, a major thrust of the experimental program 

was to develop a practical method for combatting the disuse osteoporosis 

and negative calcium balance associated with prolonged space flight . 
Technologically, it made use o f  observations in animals and humans that 

time-varying electromagnetic fields could be inductively coupled to bone 

to produce biological ly-significant electrical voltages and currents 

5 

15, 

1 6 ' 1 7 y 1 8 .  The method, which employs electromagnetic coils mounted out- 

side the body, had already been demonstrated to hasten fracture healing 

and to trigger the repair o f  non-unions and pseudarthroses (described 

elsewhere i n  this volume). Since the electromagnetic fields appeared to 

be safe, could be scaled for local or whole body use, and were surgically 

non-invasive, they, clearly, provided an approach not feasible with elec- 

trode-delivered currents. The system, theoretically, could be of great 

importance to N A S A  for maintaining skeletal mass in astronauts19. It, 

also, might prove to be an essential adjunct i n  treating the more than 

5,000,000 U.S. females above 65 years with clinically-significant osteo- 

porosis'' and who, because of pain, disability, poor reflexes, or motiva- 

tion are unable to carry out effective impactive, exercise programs. 

Osteoporosis, in its earliest phases , characteristically, involves 

cancellous bone. Whether this pattern i n  spongy bone i s  a manifestation 

of a metabolically active state, where turnover is rapi.d, or a role as 
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an energy-damping [ a b s o r b i n g )  m a t e r i a l ,  o r  b o t h ,  i s  n o t  c l e a r .  For p r a c -  

t i ' c a l  p u r p o s e s ,  however ,  t h i s  i n v e s t i g a t i o n  has  f o c u s e d  on t h e  e f f e c t s  o f  

d i s u s e  i n  me taphysea l  bone.  I t  has  s t u d i e d  t h i s  r e g i o n  by r a d i o g r a p h i c ,  

mechanica l  and h i s t o l o g i c  t e c h n i q u e s  t o  s u r v e y  and d e f i n e  t h e  a b i l i t y  o f  

PEMFs t o  m a i n t a i n  bone mass under  c o n d i t i o n s  i n  w h i c h  t h e  loss of c a n c e l -  

lous bone i s  r a p i d  . 21 

METHODS 

A d u l t ,  f e m a l e ,  non-b reed ing  260 gm 't 10 gm Sprague  Dawley r a t s  (Camm 

Labs1 were u t i l i z e d  _ -  i n  t h i s  study. Two s t r a f n s  of  t h e s e  a n i m a l s  were 

employed i n  d i f f e r e n t  phases ,  o n e  r a i s e d  i n  a p a t h o g e n - f r e e  env i ronmen t  

M I ,  one r a i s e d  i n  a normal envi ronment  ( B ) .  T h e  fo rmer  ( A )  s t r a i n  was 

c h a r a c t e r i z e d  by a normal we igh t  g a i n  o f  1 - 2  grams p e r  week, w h i l e  t h e  

l a t t e r  ( B )  g a i n e d  8-10 grams per  week. Free r a n g i n g  c o n t r o l  a n i m a l s  were 

a l lowed  u n l i m i t e d  a c t i v i t y  i n  r a t  cages  and f ed  ad l i b i t u m  on w a t e r  and 

Purina r a t  chow. These a n i m a l s  were c a r r i e d  f o r  2 8  or 56  days  b e f o r e  

s a c r i f i c e  and t e s t i n g  a s  no ted  below. 

Two e x p e r i m e n t a l  g r o u p s  of r a t s  were e s t a b l i s h e d ,  one an o p e r a t e d /  

c a s t e d  c o n t r o l  and t h e  o t h e r  an . o p e r a t e d / c a s t e d ,  PEMF-exposed. The o p e r -  

a t i v e  procedure i n  b o t h  expe r imen ta l  g r o u p s  ( c o n t r o l  and t r e a t e d )  was 

i .dent l 'ca1.  I t  c o n s i s t e d  of a b i l a t e r a l  r e m o v a l ,  under  c h l o r a l  h y d r a t e  

a n e s t h e s i a ,  o f  t h e  g a s t r o e n e m i u s  and s o l e u s  m u s c l e s ,  t o g e t h e r  w i t h  t h e  

t e n d o - A c h i l l e s ,  and a neurectomy o f  t h e  p o s t e r i o r - t i b i a l  and p e r o n e a l  n e r v e s  

a t  t he  leve l  of t h e  p o p l i t e a l  space .  Fo l lowing  s k i n  c l o s u r e  t h e  a n i m a l s  

Mere c a s t e d  i n  p l a s t e r  f rom t h o r a x  t o  t oes ,  t a k i n g  c a r e  t o  p a d  bony prom- 
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i 'nences.  A p l a s t i c  b a r  was added d o r s a l l y  t o  t h e  c a s t  and ex tended  

c a u d a l l y  over t h e  t a i l .  T h i s  h o l d e r  s e r v e d  t o  mount two yokes  t h r o u g h  

each  o f  which a t h r e a t e d  Kirschner w i r e  t r a n s f i x e d  a d j a c e n t  v e r t e b r a l  

~- 

I 

~ 

l 

I 

I b o d i e s  a t  t h e  b a s e  of t h e  t a i l .  T h i s  a r r a n g e m e n t  p r e v e n t e d  t h e  r a t s  

I from " w i g g l i n g "  f r e e  from t h e  spica a s  d i s u s e  robbed  them of body w e i g h t .  
~ 

I 

Each r a t  was " suspended"  i n  a i r  by a p l a s t i c  d o w e l ,  mounted t o  a t r a y  and 

f i x e d  by p l a s t e r  t o  t h e  t h o r a c i c  p o r t i o n  of  t h e  c a s t .  Forelimbs were 

f r e e  t o  a i d  i n  f e e d i n g  f rom a t rough p l a c e d  immedia t e ly  i n  f r o n t  of t h e  

r a t s .  A g r a v i t y - f e d  w a t e r  n i p p l e  p e r m i t t e d  d r i n k i n g ,  ad  l i b i t u m .  

C o n t r o l  a n i m a l s  were ma in ta ined  i n  t h e  same room a s  e x p e r i m e n t a l  

a n i m a l s  u n d e r  t r e a t m e n t ,  b u t  a t  a d i s t a n c e  of  15  f e e t  f r o m  t h e  c o i l s .  

E l e c t r o m a g n e t i c  f i e l d s  i n  t h i s  p o r t i o n  o f  t h e  room were mon i to red  w i t h  a 

c o i l - p r o b e  and were f o u n d  t o  be 6 o r d e r s  of magni tude  l e s s  t h a n  t h o s e  

u s e d  f o r  t r e a t m e n t .  Each PEMF-exposed an imal  was p l a c e d  i n  between two 

v e r t i c a l  ly-mounted , Helmhol t z - a i d i n g  , "0"-shaped  c o i l s ,  24 hour s  p o s t -  

o p e r a t i v e l y .  F o r  s t u d y i n g  t h e  p r e v e n t a t i v e  c a p a b i l i t y  of  t h e  s y s t e m ,  

r a t s  were exposed t o  t h e  f i e l d s ,  24  h o u r s  a day f o r  28 d a y s ,  b e f o r e  s a c -  

r i . f i . ce .  I n  a p r e l i m i n a r y  s t u d y  of  t h e  f i e l d s '  a b i l i t y  t o  r e s t o r e  b o n e  

mass ,  a n i m a l s  were c a r r i e d  for  2 8  days a s  e x p e r i m e n t a l  c o n t r o l s  ( o p e r a t e d /  

c a s t e d )  and then p l a c e d  i n  t h e i r  c a s t s  w i t h i n  t h e  c o i l s  f o r  an a d d i t i o n a l  

28 days  b e f o r e  s t u d y .  

Two basi .c  p a t t e r n s  of  p u l s i n g  e l e c t r o m a g n e t i c  f i e l d s  were employed.  

One c o n s i s t e d  o f  a s i n g l e ,  q u a s i - r e c t a n g u l a r  p r i m a r y  ( p o s i t i v e - g o i n g )  

waveform, 325 u s e c  wide,  and induc ing  1 - 1 . 5  mv/cm o f  bone.  T h i s  pu lse  
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r e p e a t e d  a t  65-72 Ht. The second p u l s e  was c h a r a c t e r i z e d  by a burs t  of  

20 p o c i  t i v e - g o i n g ,  q u a s i - r e c t a n g u l a r  p u l s e s ,  200 y s e c  wide,  each  s e p a r a t e d  

by a n e g a t i v e - g o i n g  p u l s e z 3 0  usec  wide .  Bursts were r e p e a t e d  a t  10 H z ,  

t h e  pi_!lse a m p l i t u d e  b e i n g  a d j u s t e d  t o  i n d u c e  1. '0-1.5 mv/cm of b o n e .  

Equipment f o r  this  pulse  was l e a s e d  from EBI*. 

After  s a c r i f i c e  w i t h  an ove rdose  o f  b a r b i t u r a t e ,  t h e  t i b i a e  were d i s -  

s e c t e d  from each  an ima l  a n d  g r o u p s  o f  f r e e - r a n g i n g  c o n t r o l ,  e x p e r i m e n t a l  

c o n t r o l  and e x p e r i m e n t a l - t r e a t e d  bones X-rayed on a s i n g l e ,  i n d u s t r i a l -  

g r a d e  p l a t e .  A l l  spec imens  were ma in ta ined  i n  a m o i s t  s t a t e  w i t h  Tyrode 

s a l i n e  d u r i n g  d i s s e c t i o n ,  X-ray a n d  p r e p a r a t i o n  f o r  f i n a l  mechanica l  t e s t -  

i n g .  Af te r  X-ray,  0 . 4  i n c h e s  of t he  proximal  t i b i a e  were removed w i t h  

t h e  a i d  o f  c a l i p e r s  and a j e w e l e r ' s  saw. These  specimens were mounted,  

v e r t i c a l l y ,  i n  a n  aluminum cup by means of q u i c k - s e t t i n g  d e n t a l  a c r y l i c ,  

whi.ch encompassed the  a r t i c u l a r  s u r f a c e  and t h e  o s s i f i c a t i o n  c e n t e r .  The 

cup and specimen were p l a c e d  i n  a s e t  of  v i se-gr ip  j a w s ,  f i x e d  t o  t h e  

p i s t o n  o f  a s e r i e s  810 MTS ( M a t e r i a l s  T e s t i n g  S y s t e m ) ,  s o  t h a t  t h e  open 

m e d u l l a r y  c a v i t y  f a c e d  upward, w i t h  t h e  l o n g - a x i s  o f  the  t i b i a  v e r t i c a l l y  

a l i g n e d .  A 0.06 i n c h  d i a m e t e r  s t a i n l e s s  s t e e l  p l u n g e r  was f i t t e d  t o  a 

100 l b .  l o a d  c e l l  head .  After  c e n t e r i n g  the  p l u n g e r  d i r e c t l y  over  t h e  

t r a n s e c t e d  t i b i a l  s h a f t ,  the  p i s t o n  was a c t i v a t e d  and t h e  p l u n g e r  advanced 

i n t o  t h e  m e d u l l a r y  c a n a l  and the  me taphys i s  f o r  a d i s t a n c e  o f  0 . 2 5  i n c h e s ,  

s t o p p i n g  j u s t  s h o r t  of  t h e  e p i p h y s e a l  p l a t e ,  a t  a r a t e  of 0 .625  i n c h e s / m i n .  

C F i g . 1 ) .  A l o a d / t i m e  c u r v e  was produced f o r  e a c h  spec imen by an X - Y  p l o t t e r .  

Fo l lowing  mechanfca l  t e s t s ,  specimens were h e m i - s e c t i o n e d  l o n g i t u d i n a l l y ,  

* 
Electro-Binlsgy, I n c , :  P.O.Box 682? W .  C a l d w e l l ,  N . J .  07006. P a t e n t e d .  
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t h r o u g h  t h e  p l u n g e r  t r a c k ,  and f i x e d  i n  10% b u f f e r e d  n e u t r a l  f o r m a l i n .  

A f t e r  d e c a l c i f i c a t i o n  i n  E . D . T . A .  , t i b i a l  s e c t i o n s  were embedded i n  p a r a -  

f i n ,  s e c t i o n e d  a n d  s t a i n e d  w i t h  H & E or Masson Tr i ch rome .  H i s t o l o g i c  

e v a l u a t i o n ,  i n i t i a l l y ,  was r eco rded  by o b s e r v e r s  w i t h  no knowledge o f  

specimen o r i g i n .  

RESULTS 

G e n e r a l l y ,  t h e r e  was e x c e l l e n t  c o n c u r r e n c e  between r a d i o g r a p h i c  ap-  

pea rance  of s p e c i m e n s ,  t h e i r  mechanical  t e s t  v a l u e s ,  and t h e  h i s t o l o g i c  

e v a l u a t i o n .  A l l  a n i m a l s  i n  t h e  two e x p e r i m e n t a l  g r o u p s  of  b o t h  A 81 B 

s t r a i n s  l o s t  we igh t  e q u a l l y  o v e r  t h e  28-day i n t e r v a l .  The mean l o s s  of 

e x p e r i m e n t a l  c o n t r o l s  ( o p e r a t e d / c a s t e d )  S t r a i n  A and S t r a i n  B was 36 ? 10 

grams and f o r  t h e  e x p e r i m e n t a l ,  t r e a t e d  g r o u p s ,  30 2 18  grams.  F r e e -  

r a n g i n g  c o n t r o l s ,  a s  no ted  e a r l i e r ,  g a i n e d  1-2  grams/week f o r  S t r a i n  A 

and 8-10 grams f o r  S t r a i n  B .  A t y p i c a l  f r e e - r a n g i n g  c o n t r o l  mechanica l  

r e su l t  i s  seen  i n  F i g .  2 .  C h a r t  1 compares  t h e  e f f e c t s  of c a s t i n g  and 

o p e r a t i o n  on t i b i a l  metaphysea l  bone c h a r a c t e r i s t i c s  i n  t h e  r a p i d l y  growing 

S t r a i n  B r a t s .  O n  t h e  l e f t ,  the  b a r  d e m o n s t r a t e s  a mean peak load  of 

1 4 . 8  ? 3.6 l b s .  f o r  f r e e - r o a m i n g  c o n t r o l s  a f t e r  28 d a y s .  The second b a r  

presents  t h e  l o a d s  f o r  c a s t e d / o p e r a t e d  e x p e r i m e n t a l  c o n t r o l s  a f t e r  a s i m i l a r  

i n t e r v a l .  The peak v a l u e  i n  t h i s  group was 1 .8  1 . 2  l b s .  and a t y p i c a l  

t r a c e  i s  d e m o n s t r a t e d  i n  F i g .  3 .  The t h i r d  and f o u r t h  b a r s  summarize a d d i -  

t i o n a l  g r o u p s  o f  S t r a i n  B a n i m a l s  f o r  t h e  s a k e  of  compar i son .  From t h e s e  

mechan ica l  d a t a ,  s e v e r a l  o b s e r v a t i o n s  a r e  a p p r o p r i a t e .  F i r s t ,  t h e r e  i s  a 

profound loss  of mechan ica l  i n t e g r i t y  i n  t h e  proximal  t i b i a l  m e t a p h y s i s  o f  
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t h e  r a l ,  f o l l o w i n g  28  days  o f  p o s t - o p e r a t i v e  i m m o b i l i z a t i o n .  T h i s  amounts 

t o  n e a r l y  90% when compared t o  f r e e - r a n g i n g  c o n t r o l s .  T h e  l o s s  o f  t i b i a l  

mechanica l  v a l u e s  from t h e  normal 260 gram s t a r t i n g - w e i g h t ,  animal i s  more 

t h a n  80%.  From t h e  second and t h i r d  b a r s  ( C h a r t  I ) ,  i t  i s  e v i d e n t  t h a t  

t h e  two-phased p r o c e d u r e ,  combining o p e r a t i o n  and c a s t i n g ,  has  an a d d i t i v e  

e f f e c t  on  bone l o s s .  F ive  e x t r e m i t i e s  t e s t e d  from t h e  e x p e r i m e n t a l -  

t r e a t e d  g r o u p s  o f  S t r a i n  B r a t s ,  u s ing  t h e  s i n g l e  pulse  y i e l d e d  a mean 

peak v a l u e  of  11 .4  2 l b s . ,  were s i g n i f i c a n t l y  h i g h e r  t h a n  t h e  u n t r e a t e d  

c a s t e d / o p e r a t e d  c o n t r o l s  ( p = O . O O l ) .  T h i s  v a l u e  i s  a s  h i g h  a s  t h e  c o n t r o l ,  

260 gram r a t s ,  b u t  n o t  q u i t e  a s  high a s  t h e  v a l u e s  f o r  t h e  f r e e - r o a m i n g  

c o n t r o l s ,  a f t e r  28 d a y s .  A r e p r e s e n t a t i v e  c u r v e  i s  s e e n  i n  F i g .  4 .  

T h e  r e s u l t s  of  t h e  S t r a i n  A s e r i e s  o f  a n i m a l s ,  i n  which b o t h  t h e  

s i n g l e  p u l s e  and p u l s e  burst  were a p p l i e d ,  i s  presented i n  C h a r t  11.  A 

v a l u e  of  9 . 8  ? 3 . 2  1 6 s .  was o b t a i n e d  f o r  t h e  f ree-roaming c o n t r o l s  a f t e r  

28 d a y s .  U < t h  t h e  s i n g l e  p u l s e ,  t he  peak l o a d  was 8 . 3  ? 1 . 4  l b s . ,  c l e a r l y ,  

o u t s i d e  t h e  r a n g e  o f  t h e  u n t r e a t e d  c o n t r o l s ,  b u t ,  a g a i n ,  n o t  q u i t e  e q u a l  

t o  t h e  maximal l o a d s  f o r  f r e e - r a n g i n g  c o n t r o l s  a f t e r  28 d a y s .  No s i g n i -  

f i c a n t  p r o t e c t i v e  e f f e c t  was e v i d e n t  i n  t h e  few a n i m a l s  t r e a t e d  w i t h  t h e  

p u l s e  b u r s t .  

I 
~ 

A s  n o t e d  e a r l t e r  i n  t h e  s e c t i o n  o n  r e s u l t s ,  t h e r e  was g o o d  concur -  

r e n c e  between h i s t o l o g i c a l  f i n d i n g s  and mechan ica l  r e s u l t s .  Specimens 

p r o d u c i n g  low mechan ica l  l o a d  v a l u e s  g e n e r a l l y  d e m o n s t r a t e d  a m a s s i v e  

l o s s  o f  t r a b e c u l a r  bone i n  t h e  m e t a p h y s i s .  I n  f a c t ,  t h e  usua l  b o l l u s  o f  
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f r a c t u r e d  t r a b e c u l a e  a t  t h e  end o f  t h e  p l u n g e r  t r a c k ,  j u s t  s h o r t  o f  t h e  

e p i p h y s i s ,  which was p r e s e n t  i n  t h e  m e c h a n i c a l l y - s o u n d  s p e c i m e n s ,  was n o t  

found i n  t h e  o s t e o p o r o t i c  t i b i a e  ( F i g .  5,6). The few r e s i d u a l  t r a b e c u l a e  

i n  t h e s e  l a t t e r  spec imens  were found a t  t h e  p e r i p h e r y  o f  t h e  m e t a p h y s i s ,  

s u p p o r t i n g  t h e  f l a r i n g  " c o r t e x "  of t h e  me taphysea l  r e g i o n .  A d e c r e a s e d  

b o n e  mass ,  a l s o ,  was no ted  i n  t h e  t r a b e c u l a e  of t h e  o s s i f i c a t i o n  c e n t e r .  

In t h e  c a s t e d / o p e r a t e d  c o n t r o l s ,  which produced  t h e  h i g h e r  l o a d  v a l u e s  i n  

t h e  S t r a i n A r a t s ,  t h e  ma jo r  l o s s  o f  t r a b e c u l a r  bone was d e t e c t e d  i n  t h e  

r e g i o n  n e a r e s t  t h e  d i a p h y s i s  and i t  a p p e a r e d ,  i n  t h e s e  a n i m a l s ,  t h a t  t h e  

marrow s p a c e  ( m e d u l l a r y  c a n a l )  was " a d v a n c i n g "  on t h e  m e t a p h y s i s .  Mech- 

a n i c a l  t e s t  c u r v e s  i n  s u c h  specimens were much f l a t t e r  i n  t h e  e a r l y  

phases  of p l u n g e r  advance  t h a n  i n  no rma l s .  A s i g n i f i c a n t l y  a c u t e  a n g l e  

of  l o a d / s l o p e  m i g h t  be r e a c h e d  on ly  a f t e r  one h a l f  t o  two t h i r d s  of t h e  

t o t a l  p l u n g e r  e x c u r s i o n .  I n t e g r a t i o n  o f  t h e  a r e a  "under  t h e  cu rve ' '  

[energy  a b s o r b e d )  i n  t h e s e  a n i m a l s  was s i g n i f i c a n t l y  lower t h a n  normal .  

O p e r a t e d / c a s t e d  a n i m a l s  exposed t o  a s i n g l e  p u l s e  f o r  2 8  days dem- 

o n s t r a t e d  a much more normal h i s t o l o g i c  a p p e a r a n c e  i n  bo th  t h e  meta-  

p h y s i s  and o s s i f i c a t i o n  c e n t e r . .  I n  t h e  v a s t  m a j o r i t y ,  t h e  usua l  b o l l u s  

of  f r a c t u r e d  t r a b e c u l a e  wgs , obse rved  a t  t h e  e n d  o f  t h e  p l u n g e r  t r a c k  and 

broad  t r a b e c u l a e  o c c u p i e d  t h e  s u b - e p i p h y s e a l  zone ( F i g . 7 )  I n  most  

of t h e s e  a n i m a l s ,  however ,  some d e c r e a s e  i n  t r a b e c u l a r  bone toward t h e  

d i a p h y s i s  was n o t e d .  T h i s  p i c t u r e  c o r r e l a t e d  w e l l  w i t h  t h e  mechan ica l  

c u r v e s ' w h i c h  had ,  u n i f o r m l y ,  a d e c r e a s e d  s l o p e  i n  t h e  e a r l y  phases  of 

p l u n g e r  e n t r y ,  a l t h o u g h  peak l o a d s  may have r e a c h e d ,  r o u t i n e l y ,  t h e  

r a n g e  o f  n o r m a l - f r e e - r o a m i n g  28 day  c o n t r o l s .  
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In  p r e l i m i n a r y  s t u d i e s  o f  t h e  u s e  of  t h i s  m o d a l i t y  t o  " c u r e "  o s t eo -  

p o r o s i s ,  the  r e s u l t s  have been h i g h l y  v a r i a b l e ,  depending  u p o n  t he  f i e l d  

p a t t e r n  i n  u s e .  F o r  example ,  i t  h a s  been proven p o s s i b l e  t o  improve t h e  

usua l  mechanica l  and h i s t o l o g i c  d a t a  produced by 28 days  o f  immobi l i za -  

t i o n ,  f o l l o w i n g  o p e r a t i o n ,  d e s p i t e  t h e  c o n t i n u a t i o n  of i m m o b i l i z a t i o n  

f o r  the  a d d i t i o n a l  28  days  o f  t r e a t m e n t  i n  t h e  c o i l s .  A t o t a l  of 9 s p e c i -  

mens o u t  o f  1 2  have demons t r a t ed  mechanical  v a l u e s  a f t e r  56 days  s i g n i -  

f i c a n t l y  above immobi l ized  c o n t r o l  v a l u e s ,  w i t h  t h e  maximum peak l o a d  

s l i g h t l y  above 9 l b s .  ( F i g . 8 ) .  The h i s t o l o g i c  p i c t u r e  a p p r o x i m a t e s  a 

normal metaphysea l  b o n e  mass ( F i g . 9 ) .  T h e  n f n e  s u c c e s s e s  o c c u r r e d  

w i t h  p u l s e s  d e m o n s t r a t i n g  s l i g h t l y  d i f f e r e n t  c h a r a c t e r i s t i c s  t han  t h o s e  

used i n  t h e  p r e v e n t a t i v e  p r o g r a m  or i n  t he  o t h e r  t h r e e  a n i m a l s  i n  t he  

i l c u r a t i v e t l  program. 

DISCUSSION 

These r e s u l t s  d e m o n s t r a t e  t h a t  a mechan ica l  t e s t  which a s s e s s e s ,  

p r i m a r i l y ,  t h e  q u a l i t y  of c a n c e l l o u s  b o n e  can p r o v i d e  ample documen ta t ion  

o f  r a p i d  loss o f  me taphysea l  b o n e  d u r i n g  d i s u s e .  These d a t a ,  which a r e  

r e p o r t e d  a s  peak l o a d  va lues  r e v e a l  d i f f e r e n c e s  between normal f r e e - r o a m i n g  

a n i m a l s  and c o n t r o l  c a s t e d / o p e r a t e d  a n i m a l s  o f  90% a f t e r  28  d a y s .  They 

a r e  h i g h l y  s i g n i f i c a n t .  Even l a r g e r  d i f f e r e n c e s  cou ld  be demons t r a t ed  

i f  ene rgy  abso rbed  ( a r e a  u n d e r  t h e  c u r v e ) ,  i n s t e a d  of peak l o a d s  were re -  

p o r t e d .  E a r l y  mechan ica l  t e s t i n g ,  a s  g e n e r a l l y  has  been t h e  c a s e  i n  

p rev ious  s t u d i e s 2 2 , 2 3 y 2 4 , 2 5 y 2 6 ,  made use  of  whole bone a n d ,  a l t h o u g h  t h e r e  

were d i f f e r e n c e s  between g r o u p s ,  t he  changes  were sma l l  compared t o  t h e  
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a l t e r a t i o n s  d e t e c t e d  by t h e  p r e s e n t  method.  I n  f a c t ,  i t  seems l i k e l y  

t h a t  t he  c a n c e l l o u s  changes  were being masked by t h e  r e l a t i v e l y  l e s s e r  

changes  i n  c o r t i c a l  bone ,  i n  t h e s e  e a r l y  s t u d i e s .  I t  i s  s u g g e s t e d ,  t h e r e -  

f o r e ,  t h a t  f u t u r e  i n v e s t i g a t i o n s  may b e  a i d e d  by t h i s  mechanica l  t e s t i n g  

t e c h n i q u e .  
F 

S i n c e  e l e c t r i c a l  c u r r e n t s  were p roposed  t o  p l a y  a r o l e  i n  bone 

r e m o d e l i h g j 2 ,  t h e  p o s s i b i l i t y  of  s u b s t i t u t i n g  e l e c t r i c a l  e n e r g y  for  

mechan ica l  e n e r g y  t o  m a i n t a i n  s k e l e t a l  mass has  shaped  some e x p e r i m e n t s  

i n v o l v i n g  o s t e o p o r o s i s  mode l s .  For  e x a m p l e ,  McElhanney e t  a1 r epor t ed  

i n  1 9 6 8 2 7  t h e  use o f  c a p a c i t i v e l y - c o u p l e d  , c o n s t a n t  a n d  dynamic " e l e c t r o -  

s t a t i c "  f i e l d s  t o  modi fy  d i s u s e  o s t e o p o r o s i s .  These  f i e l d s  were found 

t o  be p a r t i a l l y  e f f e c t i v e ,  a n  o b s e r v a t i o n  which has  been conf i rmed  r e -  

c e n t l y  by M a r t i n 2 8 .  

t i c a l  " s t e p - u p "  t o  m a s s i v e  v o l t a g e s ,  i f  t h e  i n t e r - p l a t e  d i s t a n c e s  a r e  

C a p a c i t a t i v e - c o u p l i n g ,  however ,  r e q u i r e s  an imprac-  

I i n c r e a s e d  from r a t  t o  human d imens ions .  Al though bone a t r o p h y  has  been 
29 approached  w i t h  i m p l a n t e d  e l e c t r o d e s  w i t h  p a r t i a l  s u c c e s s  i n  a n i m a l s  , 

i t  i s  h i g h l y  u n l i k e l y  t h a t  i n d i v i d u a l s  a t  r isk o f  d e v e l o p i n g  o s t e o p o r o s i s  

c o u l d  o r  would t o l e r a t e  t h e  m u l t i p l i c i t y  of  e l e c t r o d e s  r e q u i r e d  t o  t r e a t  

a71 a f f e c t e d  p a r t s  o f  t h e  s k e l e t o n .  Both o f  t h e s e  e l e c t r i c a l  a p p r o a c h e s ,  

however i m p r a c t i c a l ,  h e l p  t o  e s t a b l i s h  t h e  p r i n c i p l e  t h a t  e l e c t r i c  

e n e r g y  can  be s u b s t i t u t e d  f o r  mechanica l  e n e r g y  t o  modify bone mass .  

PEMF's have  a p r a c t i c a l  a d v a n t a g e  o v e r  t hese  o t h e r  approaches  a n d ,  

f u r t h e r m o r e ,  a p p e a r  t o  be much more e f f e c t i v e  i n  p roduc ing  r e s u l t s  which 

may, u l t i m a t e l y ,  have c l i n i c a l  s i g n i f i c a n c e .  

I 
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T h i s  i n v e s t i g a t i o n ,  a s  o f t e n  i s  t h e  c a s e ,  r a i s e s  more q u e s t i o n s  

t h a n  i t  a n s w e r s .  F o r  example ,  t h e  260 gram r a t  h a s  a n  open e p i p h y s i s .  

Al though g r o w t h  i s  s l o w ,  i t  s t i l l  i s  p r e s e n t .  W h a t  r o l e s ,  t h e r e f o r e ,  

do growth  a n d / o r  r emode l ing  p l a y  i n  t h e  o b s e r v a t i o n s  r e p o r t e d  h e r e i n ?  

A p a r t i a l  answer t o  t h i s  q u e s t i o n  may be i n h e r e n t  i n  t h e  d i f f e r e n c e s  

i n  t h e  amount of  bone l o s t  i n  t he  s low-growing ( 1 - 2  grams body w e i g h t  

i n c r e a s e / w e e k ) ,  S t r a i n  A r a t s  and the  f a s t e r  growing (8-10  gram/week) 

S t r a i n  B r a t s .  I t  c o u l d  be a r g u e d  t h a t  t h e  S t r a i n  A ' s  have a s l o w e r  

r a t e  of  r emode l ing  a s s o c i a t e d  w i t h  t h e i r  s l o w e r  r a t e  o f  body g r o w t h  and 

t h i s  f a c t o r  may have been r e p s o n s i b l e  f o r  t h e  h i g h e r  mechan ica l  t e s t  

v a l u e s  f o r  t h e  c a s t e d / o p e r a t e d  c o n t r o l s ,  o f  t h i s  g r o u p .  A more c o m p l e t e  

answer  on t h i s  p o i n t  may be fo r thcoming  from a s t u d y ,  c u r r e n t l y  i n  

p r o g r e s s ,  o f  immobi l ized  a n d  t r e a t e d  immature and m a t u r e  r a b b i t s .  I n -  

t e r e s t i n g l y ,  m u l t i - n u c l e a t e d  o s t e o c l a s t s  were n o t  obse rved  i n  any of t h e  

r a t s .  T h i s  o b s e r v a t i o n  wh ich ,  a l s o ,  has  been made i n  o the r  l a b o r a t o r i e s  , 

cdbviously,  does  n o t  imply t h a t  r e s o r p t i o n  was n o t  p r e s e n t ;  i t  h a d  t o  be 

i ' n  o r d e r  t o  r e d u c e  c a n c e l l o u s  bone s t r e n g t h  by 90% i n  28 d a y s .  I s  i t  pos-  

s i b l e ,  t h e r e f o r e ,  t h a t  t h e  p r o t e c t i v e  e f f e c t  o f  t h e  P E M F ' s  i s  t o  r e d u c e  

r e s o r p t i o n ,  o r  i s  the  e f f e c t  on i n c r e a s e d  t u r n o v e r  w i t h  t h e  emphas is  

on a c c r e t i o n ?  Answers t o  t h e s e  q u e r i e s  may be f o r t h c o m i n g  from m u l t i p l e  

f l u r o c h r o m e  l a b e l s  i n  both  r a t s  and r a b b i t s .  

30  

F i n a l l y ,  i t  i s  c l e a r  f r o m  t h e s e  and o t h e r  s t u d i e s 1 7 y 3 1  t h a t  bone 

mass can be a l t e r e d  b e n e f i c i a l l y  by e x p o s u r e  t o  P E M F ' s .  O n  t h i s  b a s i s ,  

a c l i n i c a l  i n v e s t i g a t i o n  has  begun t o  s t u d y  t h e  u s e  of t h i s  t e c h n i q u e  



I - 13 - 

1 -  t o  r e s t o r e  bone i n  i n d i v i d u a l s  w i t h  o s t e o l y s i s  from m e t a s t a t i c  c a n c e r .  

P r e l i m i n a r y  d a t a  i n d i c a t e  t h a t  p a i n  f rom m i c r o - f r a c t u r e s  o r  impending 

s t r e s s / p a t h o l o g i c  f r a c t u r e s  can be c o n t r o l l e d  and bone mass r e s t o r e d  

i n  p a t f e n t s  w i t h  t h i s  d i s e a s e  (F igs .10  , 1 1  , 1 2 , 1 3 ) .  Whether t h e  m o d a l i t y  

w i l l  e v e r  be p u t  t o  p r a c t i c a l  u se  i n  s p a c e  t o  p r e v e n t  t h e  n e g a t i v e  c a l -  

cium b a l a n c e  and o s t e o p o r o s i s  of w e i g h t l e s s n e s s  must a w a i t  f u r t h e r  work. 

I t  i s  n o t  i n c o n c e i v a b l e ,  however ,  t h a t  some day t h e  t r e a t m e n t  of  s e n i l e  

and pos t -menopausa l  o s t e o p o r o s i s  may i n v o l v e  t h e  use  o f  c o i l  b e d s ,  

a l o n g  w i t h  c o r r e c t i o n  o f  d i e t a r y  and hormonal f a c t o r s .  

l 

I 

S U M M A R Y :  

1 .  The l o s s  of t r a b e c u l a r  bone from t h e  proximal  t i b i a l  r a t  meta-  

p h y s i s ,  f o l l o w i n g  c a s t i n g ,  myectomy, t enec tomy and neurec tomy,  has  been 

documented r a d i o g r a p h i c a l l y ,  m e c h a n i c a l l y  a n d  h i s t o l o g i c a l l y .  

2 .  A new method o f  mechanica l  t e s t i n g  h a s  proven t o  be a v a l u a b l e  

and s e n s i t i v e  a d j u n c t  i n  d e t e c t i n g  t h e  e x t e n t  of d i s u s e  o s t e o p o r o s i s  

i n  t r a b e c u l a r  bone.  

3 .  T r e a t m e n t  o f  c a s t e d / o p e r a t e d  r a t s  f o r  28 days  w i t h  h i g h l y  

s p e c i f i c  p u l s i n g  e l e c t r o m a g n e t i c  f i e l d s  (PEMF's) p r e v e n t s  d i s u s e  bone 

l o s s  t o  a s i g n i f i c a n t  d e g r e e .  

4 .  T h i s  s u r g i c a l l y  n o n - i n v a s i v e  method,  u l t i m a t e l y ,  may have 

p r a c t i c a l  a p p l i c a t i o n  i n  c o n t r o l l i n g  bone l o s s  i n  a s t r o n a u t s  a n d  i n  

p a t i e n ' t s  w i t h  l o c a l  o r  g e n e r a l i z e d  r e g i o n s  of bone r e s o r p t i o n .  
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5 .  A p p a r e n t l y ,  e l e c t r i c a l  c u r r e n t s  , i nduced  e x o g e n o u s l y  by P E M F ' s  

V u l s i n g  E l e c t r o m a g n e t i c  F i e l d s ) ,  can b e  s u b s t i t u t e d  f o r  endogenous 

e l e c t r i c a l  c u r r e n t s ,  g e n e r a t e d  p i e z o e l e c t r i c a l l y  by c y c l i c  mechanica l  

d e f o r m a t i o n ,  t o  c o n t r o l  t h e  c e l l s  which d e t e r m i n e  bone mass. 

6 .  These  r e s u l t s  bu t t ress  t h e  h y p o t h e s i s  t h a t  Wolff's law i s  a 

manifestation of an e l e c t r i c a l  l y - c o n t r o l 1  ed , b i o - f e e d - b a c k  s y s  tern. 
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Figure  1 

F igure  2 

F igure  3 

I F igure  4 

I 

F igure  5 

F igure  6 

Diagram o f  mounting f o r  prox imal  t i b i a l  specimens 

i n  M.T.S.  dur ing  mechanical t e s t i n g .  

X-Y p l o t  o f  Time (x -ord ina te)  vs l oad  (y -ord ina te)  

f o r  a normal f r e e  roaming S t r a i n  B (260 gram 

s t a r t i n g  weight )  a f t e r  28 days. Peak load a t  end 

of plunger excurs ion  15.6 l bs .  

X-Y p l o t ,  as i n  F igure  2, bu t  f rom a casted/operated 

(260 gram s t a r t i n g  weight )  S t r a i n  B a f t e r  28 days. 

Peak load 1 l b .  - compare w i t h  normal c o n t r o l  i n  

F igure 2. 

X-Y p l o t ,  as i n  F igure  2, b u t  f rom a casted/operated, 

S t r a i n  B ( s t a r t i n g  weight ,  260 grams) a f t e r  c o i l  

treatment f o r  28 days ( s t a r t i n g  a t  1 day pos t  cas t -  

ing) .  Note peak load equals f r e e  roaming c o n t r o l  

(Figure 2) b u t  t h a t  the  i n i t i a l  s lope i s  l ess  than 

i n  Figure 2.  

Long i tud ina l  sec t ion ,  H & E ,  X 4 o f  same animal as 

depicted i n  F igure  2 ( f r e e  roaming). Note p lunger  

t r a c k  (arrow) and bo1 I u s  o f  f r a c t u r e d  t rabecu lae  a t  

i t s  bottom. 

Long i tud ina l  sec t ion ,  H & E, X 4 o f  animal s i m i l a r  

t o  tha t  dep ic ted  i n  F igu re  3 (operated/casted c o n t r o l ) .  

Note almost complete replacement o f  t rabecu la r  bone 

by marrow. 

f rac tu red  t rabecu la r  m a t e r i a l  i s  present .  

Plunger t r a c k  n o t  seen - no b o l l u s  o f  
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F i g u r e  7 

F i g u r e  8 

F i g u r e  9 

F i g u r e  10 

F i g u r e  11 

L o n g i t u d i n a l  s e c t i o n ,  H G E ,  X 4 o f  an ima l  

s i m i l a r  to  t h a t  d e p i c t e d  i n  F i g .  4 ( o p e r a t e d /  

c a s t e d / t r e a t e d ) .  Note heavy m e t a p h y s e a l  t ra -  

b e c u l a e ,  c l e a r  by d e m a r k a t e d  p l u n g e r  t r a c k  and  

mass o f  f r a c t u r e d  t r a b e c u l a e  a t  i t s  end .  

Top t r a c e  - n o r m a l ,  f r e e - r a n g i n g  c o n t r o l  a f t e r  2 8  

d a y s ,  peak  l o a d  12 .6  l b s .  Midd le  t r ace  - o p e r a t e d /  

c a s t e d  c o n t r o l  a f t e r  2 8  d a y s ,  p e a k  l o a d  1.5 l b s .  

Bottom t r a c e  - o p e r a t e d / c a s t e d  c o n t r o l  f o r  2 8  d a y s  

and  then  p l a c e d  i n  e l e c t r o m a g n e t i c  c o i l s ,  s t i l l  i n  

c a s t ,  f o r  a n  a d d i t i o n a l  28 d a y s ,  p e a k  l o a d  9 l b s .  

w i t h  a more a b r u p t  r i s e  i n  l o a d  toward  end  o f  p l u n g e r  

e x c u r s i o n  t h a n  t h e  t o p  t r a c e .  

L o n g i t u d i n a l  s e c t i o n ,  H E E ,  X 4 of t h e  an ima l  d e p i c t e d  

i n  F ig .  8, b o t t o m  t r a c e .  Compare w i t h  F i g .  3 a n d  n o t e ,  

d e s p i t e  56 d a y s  t o t a l  i m m o b i l i z a t i o n  ( t h e  l a s t  2 8  of 

which  were i n  c o i l s ) ,  t h e r e  a r e  good me taphysea l  t r a -  

b e c u l a e ,  a c l e a r l y  d e f i n e d  p l u n g e r  t r a c k  and  a b o l l u s  

o f  f r a c t u r e d  t r a b e c u l a r  a t  i t s  end .  

B.M. ,  a 53 y r .  f e m a l e ,  3 y e a r s  a f t e r  r a d i c a l  mas tec tomy 

w i t h  s k e l e t a l  m e t a s t a s e s .  A.P. r a d i o g r a p h  o f  r t .  h i p  

and  p e l v i s .  Note l y t i c  l e s i o n s  i n  i s c h i u m  and  a t  l e v e l  

of 1 esse r t rochan  te r .  

Same as Fig.  10, 1 month a f t e r  a p p l i c a t i o n  of  electro- 

m a g n e t i c  c o i l s .  Note r e s t o r a t i o n  of r a d i o - d e n s i  t y  to  

l y t i c  r e g i o n s .  P a t i e n t  p a i n  f r e e .  



Figure 12 

Figure 13 

Same as Fig. 10, but lateral radiograph of lumbar 
spine, deronstrating a large lytic lesion of the 

body o f  L 3' 

Same as Fig. 12, but 1 month after institution o f  

electromagnetic coil treatment. Lytic area appears 

to have filled with radio-dense material. 
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Char t  1 

Mean peak loads f o r  p rox ima l  t i b i a l  metaphysis ( w i t h  s tandard  d e v i a t i o n s )  for  

S t r a i n  B Sprague-Dawley r a t s  w i t h  a s t a r t i n g  w e i g h t  of 260 grams. 

creased e f f i c i e n c y  o f  t h e  model i n c o r p o r a t i n g  legs  i n  p l a s t e r  f o r  produc ing  a 

g r e a t e r  l o s s  o f  t r a b e c u l a r  bone ( ~ 4 . 0 5 )  than model w i t h  l e g s  f r e e .  F i r s t  

t h r e e  bars  app ly  to  animals  mainta ined f o r  28 days under c o n d i t i o n s  n o t e d  a t  

bottom. 

Note i n -  

C h a r t  1 1  

28 day, mean peak loads (p rox ima l  t i b i a l  metaphys s )  w i t h  s tandard  d e v i a t i o n s  

for  S t r a i n  A Sprague-Dawley r a t s ,  s t a r t i n g  w e i g h t  260 grams. 

t h e  f r e e  

( P c . 0 1 )  b u t  not from each o t h e r .  

The va lues fo r  

roaming and s i n g l e  p u l s e  animals a r e  s i g n i f i c a n t l y  d i f f e r e n t  than c o n t r o l s ,  1 
1 



Figure 1. 



Figures  2, 3 ,  and 4. 
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Chart 11. 
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Effect of Pulsating EMF on Disuse Osteoporosis 
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Control Free Single Pulse 
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